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ABSTRACT 
There is a worldwide interest in the production of natual pigments from natural 
sources due to safety problems with many artificial colorants, which have widely been 
used in foodstuff, cosmetic and pharmaceutical products. However, to use a natural 
pigment in real applications, evaluations of its color stability, safety, and general 
composition are necessary. Dark brown exudates excreted by Lentinula edodes (strain 
1358) mycelia grown on solid state medium was believed to have potential functional 
properties as large amount of phenolics were present and contributed to the reddish 
brown color. Since its color is similar to that of caramel, one of its potential 
applications is to replace the synthetic colorants with similar color. 
The mean value of hue angle and chroma of the L. edodes mycelia exudates in 
buffer solution (McIlvaine's Buffer System, pH 5.6) were 31.15 and 58.01, 
respectively suggesting its relative saturation in red color. No significant change in 
color characteristics (Hue angle & Chroma) was found for the exudates when exposed 
under different pH values, temperatures, and light intensities. Commercial caramel 
colorants used as control groups maintained a reddish brown hue was similar to that 
of the exudates, but suffered from significant degradation (p>0.05) especially under 
either high temperature (70°C) or alkaline conditions (pRs 8-10). Exudates showed 
ideal light stability while commercial Monascus colorant faded away as soon as it was 
exposed to xenon lamp. 
For acute toxicity test at single doses of both 2000 and 5000 mg/kg BW, all mice 
(BALB/c mice of both gender in groups of 3) oral treated with and without L. edodes 
mycelia exudates appeared normal during the observation period (14 days). Sub-acute 
oral toxicity study of the exudates were performed with groups of 5 Sprague-Dawley 
(SD) rats (males and females) and were administered by oral gavage at dose levels of 
250,500, and 1000 mg/kg BW for a total of 28 days. There were no treatment-related 
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adverse effects with regard to body weight, food and water consumption, hematology, 
serum biochemistry, and organ weight data. Thus, the 
no-observed-adverse-effect-Ievel (NOAEL) was judged to be at dietary level of at 
least 1000 mglkg body weight/day for both males and females SD rats. 
Mean total phenolics was 58.235 GAEs/g dw in the L. edodes mycelial exudates 
which was significantly higher than that in its fruiting body (4.412 GAEs/g dw) and L. 
edodes mycelia water extract (11.295 GAEs/g dw). When incubated with selected 
enzymes (ft-glucosidase and pectinase), phenolic content increased approximate 20% 
(w/w, dw) together with the changes of Hue angle from 35.86 to 30.67 (B-glucosidase) 
and 32.44 (pectinase), also changes of chroma from 55.93 to 61.38 (ft-glucosidase) 
and 61.13 (pectinase) respectively. F ourier Transform Ion Cyclotron Resonance Mass 
Spectrometry (FTICR-MS) was used to target the exact phenolics that contribute to 
the color of the exudates. Calibration curves plotted using phenolic standards and 
internal standard proved the linearity of the FT-MS. More than 20 phenolic 
compounds were detected based on reported fungal phenolics and 5 of them were 
verified by using standards. Quantitative changes of ph enoli cs detected by FTICR-MS 
verified the findings of total phenolic and color change. The exudates has no odd odor, 
but an comparable color character close to that of the commercial caramel color. 
Overall, the present results clearly showed that the dark brownish color excreted 
from the L. edodes mycelial exudates are more stable than the selected commercial 
colorants. Acute and sub-acute oral feeding of the exudates did not produce any toxic 
effects in vivo. The exudates is rich in phenolics (5.82 %, dw). It is also quite safe and 











經過測量得到香菇菌絲分泌物 CMcIlvaine's 緩衝溶液， pH5.6) 的平均色度和
平均色調分別為 31. 15 以及 58.01 同時也證明其具有較高的色彩飽和度。當香菇
菌絲分泌物被暴露在事先設置好的不同條件(條件分別為:不同 pH 值，不同溫
度以及不同光照強度)下時其色澤並未發生明顯變化。作為對照組的食用焦糖色
素在大多數條件下也十分的穩定，但是在高溫 70 攝氏度以及強鹼性 (pH 8-10) 
條件下有明顯的分解發生。相比較作為對照組的其它食用色素，香菇菌絲分泌物
同樣表現出了較好的光穩定性，然而紅奏曲徽色素在氫光燈下幾乎立刻被光解。
雌雄小鼠 CBALB/c) 各 3 隻在急毒性實驗中被一次性給與(灌胃) 2000 毫克/
千克體重和 5000 毫克/千克體重的香菇菌絲分泌物作為測試劑量已各項觀察顯示
受試雌雄小鼠及其對照組並無明顯中毒現象。亞急毒性實驗中，雌雄大鼠共 40
隻被分為三個受試組和一個對照組，每組雌雄各 5 隻。在全部 28 天的實驗過程
中，三個受試組的劑量分別為 1000 ， 500，以及 250 毫克/千克體重/天。亞急毒
性檢測指標包括:體重以及攝食變化，血常規檢查，全面屍體檢查等，所有受試
大鼠均未發現與劑量相闊的不良反應及症狀。綜合以上結果，香菇菌絲分泌物對




著高於香菇子實體水提物 4.412 克(五倍子酸等值，幹重)與菌絲水提物 1 1.295
克(五倍子酸等值，幹重)。與 β一葡萄糖苦酪和果膠酹反應后，分泌物的平均
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CHAPTER 1 GENERAL INTRODUCTION 
1.1 Background of Mushroom 
1.1.1 Mushroom 
A mushroom, as defined by the Mosby's Medical Dictionary, is 'the fruiting body of 
the fungus of the class Basidomycetes, especially edible members of the order 
Agaricales, commonly known as field mushrooms or meadow mushrooms. 
Mushrooms contain some protein and minerals, but they are composed largely of 
water' (Mosby Inc. 2006). 
Edible mushrooms constitute a highly nutritious source of food and include 
thousands of types of mushrooms. Some edible mushrooms are not very easily to 
cultivate and some have an extremely bad taste. Recent attention has focused on 
another area of discoveries which targets many of these fungus produce a range of 
metabolites of great interest to the pharmaceutical and food industries (Hiraide 2006). 
As a result, the current mushroom research and its industry are based on two main 
components: the continuous modification and modernization of techniques for the 
production of fruiting bodies and the application of modem biotechnological 
techniques to produce mushroom derivatives such as nutriceuticals and dietary 
supplements. 
1.1.2 Shiitake Mushroom 
Lentinula edodes (Berk.) Sing. (common name: black forest mushroom; Chinese 
name: Xiang-Gu; Japanese name: shiitake) (Figure 1.1) is one of the most commonly 
cultivated edible mushroom in the world and in the Far East countries such as China 
and Japan, it is the most popular fungus product. 
It was believed that Lentinula edodes was first cultivated in China for more than 
800 years (Chang 1987). The earliest cultivation of the fruit body might be in the 
county side of Zhejiang Province, China. The detailed cultivation method as was 
described by Wang (Wang 1313) in the Book of Agriculture, a famous ancient 
scientific work of China. In this famous cultural heritage, the selection of trees and 
proper site for cultivation, the slitting of the logs, as well as filling the slits with 
broken fruiting bodies and shocking logs with a stick were detailed discussed. Sato 
mentioned in later publication (Sato 1796) that cultivation methods of Shiitake in 
Japan were introduced from China. Ito expressed a similar standpoint as he indicated 
that the primitive form of cultivation was first iritroduced to Japan by Chinese farmers 
(Ito 1978). 
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Figure 1.1 Shiitake mushroom [L. edodes (Berk. ) Singer]. 
a-fruiting body, b-spores, c-basidia, d--cheilocystidia, e-elements of pileal cuticle 
(New York Botanical Garden. and others 1909). 
1.1.3 Production of Shiitake mushroom 
In different countries around the world, Lentinula edodes (Berk.) Sing. has different 
names. In China, different forms of shiitake are known by various names such as 
"Xiang-Gu", the fragrant mushroom (Xiang means aromatic; Gu means mushroom), 
Dong-Gu, the winter mushroom (Dong means winter), and Hua-Gu, the flower 
mushroom (Hua means flower) and they are normally used in certain regions of China 
respectively. In the U.S. it is also named as the black forest mushroom. In France, it is 
named as lectin. And currently the most popular name, shiitake (shii-mushroom) is 
derived from Japanese words: "shii" means the hardwood of Pasania spp. And "take" 
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means mushroom. This abundance of different local common names for the same 
species shows that it is very important to give a universal name to this species so that 
everyone from different districts can understand. . 
Shiitake is popular not only in the Far East but worldwide, more than 130,000 tons 
are produced per year, 45% of this sold fresh, the rest being sold dried. China and 
Japan are the main world producers (Silva and others 2007). 
1.1.4 Taxonomy of Shiitake 
For a long time shiitake was named as Lentinus (Lentinula) edodes (Berk.) Singer 
(Singer 1941). Based on microscopic studies, the shiitake is monomitic (one kind of 
mycelium), it does not contain dimitic (two kinds of) hyphae in the mushroom flesh 
seen in the genus of Lentinus. In addition, the cells of the shiitake are arranged in the 
mushroom gill trama in a parallel and descending fashion instead of having highly 
irregular or interwoven cells in the gill tram a as in the genus of Lentinus. In 1975, 
Pegler proposed this specie be transferred to Lentinula (Pegler 1976). Recent DNA 
studies also support placement in the Lentinula genus (Molina and others 1992). 
Nowadays, the scientific name for shiitake is Lentinula edodes (Berkeley) Pegler. 
Based on macro- and micro- morphological characteristics as well as other features 
including DNA analysis (Figure 1.2), Lentinula edodes is classified in the genus of 
Lentinula, the family of Tricholomataceae, the order of Agaricales, and the 








Figure 1.2 Taxonomy of shiitake 
1.1.5 Nutrients of Shiitake 
L Tricholomataceae 
LLentinula edodes 
The most important reason for Shiitake mushroom being so popular is due to its 
taste, flavor, and nutritional properties. Its mycelial has high content of proteins, 
carbohydrates, fibers, vitamins, minerals and low content of lipids, specifically 
cholesterol (Table 1.1). Shiitake can be consumed daily and has been used diets 
against the obesity (Kues and Liu 2000), The edible part of raw shiitake contains 
about 90% water while dehydrated mushroom generally contents protein 23%, 
carbohydrates 65%, lipids 20/0, and 4-5% minerals (Stamets and Chilton 1983; 
Longvah and Deosthale 1998; Stijve and others 2003). 
Shiitake is a good source of vitamins. The dominant vitamin in shiitake is 
provitamin D2 (ergosterol), 325 mg%, which yields calciferol (D2) under ultraviolet 
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(UV) light and heat. It also produces B vitamins, including 20.2 mg% niacin (B 12), 1.9 
mg% riboflavin (B2), and 0.6 mg% BI (thiamine) and pantothenic acid (Przybylowicz 
1990; Mizuno 1995; Hobbs 2000; Kasuga and others 2000). 
Polysaccharides are one of the major components of Shiitake fruiting body and they 
can be distinguished from water-soluble ones and water-insoluble ones. Wate-soluble 
ones take up about 1-5% of total dry weight of the shiitake mushroom (Watanabe 
1958; Shida 1971). And the most well studied one is lentinan which formed by 
~-1,3-glucan with ramification~-1,6 (Chichara and others 1969). Those water 
insolubles can be extracted with acid or alkali and comprise as much as 50% of the 
total tried weight of shiitake (Table 1.2) (Yoshida 1986). Free sugars in shiitake 
include trehalose, glycerol, mannitol, arabitol, glucose, mannose, and arabinose 
(Mizuno 1995; Hobbs 2000). 
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Table 1.1 Nutritional Factors of Lentinula Edodes 
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Table 1.2: Polysaccharide composition of shiitake (g/100g dry matter) (Yoshida 1986) 
Fraction Cap Stem 
Acid soluble (glycogen) 4.8 5.2 
5% NaOH soluble-acid soluble 9.0 13.8 
5% NaOH soluble-acid insoluble (S-glucan) 
Hot 10% NaOH soluble 













The detailed lnineral contents of shiitake were shown in table 1.1 where it can be found that 
Potassium and Phosphorus contribute the most of the total content. 
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1.1.6 Taste Substances of Shiitake 
Monosodium glutamates, 5' -nucleotides, free amino acids, lower molecular weight 
peptides, organic acids, and varies of sugars have been identified to form the unique 
flavor of shiitake. In shiitake soup stock, tastant componds include 5' -GMP, 5' -UMP, 
5' -AMP, 5' -CMP, and other nucleotides, in which 5' -GMP is the major taste enhancer. 
Raw shiitake contains 0.51-1.25 (mg/g) of 5'-GMP (mg/g), 0.41-0.78 (mg/g) of 
5' -UMP, 0.62-0.84 (mg/g) of 5' -AMP, and 0.28-0.45 (mg/g) of 5' -CMP, while 2 or 3 
times these amounts are found in dried shiitake. The reason, as described by Sumita 
(Sumita 1967), nucleic acids are used to fonn nucleotides by nuclease and 
phosphatase during drying treatment. These nucleotides have a synergistic effect with 
other amino acids, glutamic acid, and some low molecular weight peptides to give the 
desirable flavor. 
Free amino acids in dried shiitake (in mg/g) include GIn, Glu, Om, Asp, Ala, Asn, 
Ser, Lys, Gly, Arg, His, Val, Leu, Phe, Pro, Cys, ne, Tyr, y-amino butyric acid 
(GAB A) , cystathionine, Met, and small amounts of p-Ala, p-aminoisobutyric acid, 
I-methylhistidine, and 3-methylhistidine where some of them and their contents in 
different fonns of Shiitake were listed in Table 1.1. In spite of all above there are also 
other contributors to the flavor including, succinic acid, malic acid, fumaric acid, 
citric acid, a-keto-glutaric acid, oxalic acid, lactic acid, acetic acid, fonnic acid, and 
glycolic acid. Other acid components have been found but in trace amounts. 
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Table 1.1 also shows the amino acid composition of proteins in the fruiting bodies 
and mycelia of shiitake. In the fruiting bodies, glutamic acid and alanine are the major 
constituents. While in the mycelia, alanine, leucine, serine and theronine are the major 
constituents. These amino acids may also play an important role in the overall flavor 
of shiitake. 
1.1.7 Aroma Components of Shiitake 
Varies of alcohols, ketones, sulfides, alkanes, fatty acids, etc contribute to the 
Shiitake distinct aroma. The major contributing volatile compounds are 1-octen-3-ol, 
3-octanol, 3-octanone, and 4-octen-3-one (Ahn 1987; Hong 1988; Yang and others 
1998). 
Research work done by Mizuno (Mizuno 1995) showed that the components 
responsible for the admirable flavor were monosodium glutamate, 50-nucleotides, 
free amino acids, lower molecular weight peptides, organic acids, and sugars. Their 
relative ratios of content lead to the variation in flavor and the most significant aroma 
of shiitake mushrooms was identified as 1,2,3,5,6- pentathiepane. 
So far, more than one hundred different volatile components that contributed to the 
flavor of shiitake have been reported in different works (Ahn 1987; Hong 1988; 
Mizuno 1995; Yang and others 1998). 
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1.1.8 Color of Shiitake 
Browning or pigmentation of mycelia is crucial to Shiitake cultivation. There are 
two steps leading to browning inside the bag (usually a plastic bag covers the cultural 
log for mycelia growth) and outside the bag (Shieh and others 1991 a). The removal of 
the bag at proper time exposes the mycelia to the air and eventually forms a dark 
reddish brown, dry, hardened, and protective surface which functions like wood bark. 
This surface makes the inner substrate become soft and moist as a consequence of 
fungal metabolism (Shieh and others 1991 b). 
The pigmented mycelial film of L. Edodes under submerged culture has been 
proved an interesting finding, from the aspect of both research and food industry. The 
pigmented mycelial film was believed a step of morphogenesis peculiar to shiitake, 
normally followed by the formation of primordia and then fruiting bodies 
(Aleksandrova and others 1998). 
It is also believed that extreme or rugged environment lead Shiitake mycelia form 
such pigments and it is a way of response and self protection. Both intracellular and 
extracellular bioactive compounds such as polyphenols, polysaccharides, and 
enzymes were found in the exudates (Savoie and others 1998; Nikitina and others 
2007). For example, reddish pigment was found being fonned due to enzymatic 
oxidation of polyphenols, since almost no pigmentation was found in the culture 
containing polyphenoloxidase inhibitor, p-aminobenzoic acid or phenylthiourea 
(Tokimoto 1980; Tokimoto and others 1994). Polyphenol content of L. edodes also 
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increases after inoculating with Trichoderma, one of the major injurious inhabitants in 
the cultivation of L. edodes on bed-logs (Komatsu 1976; Tokimoto and Komatsu 1995; 
Tokimoto and others 1998). 
1.2 Food Additives 
1.2.1 Food Additives 
Food additives have been used for centuries (Hui 2006). They were used for 
preservation when man first learned to maintain foods from one harvest to the next 
and by preserving food by pickling ( with vinegar), preserving sweets or using sulfur 
dioxide as in some wines, and salting, as with bacon. Actually the overall purposes of 
traditional home made foods remain the same as those prepared and preserved by 
today's food manufacturing companies. 
1.2.2 Definition of Food Additives Given by FAOIWHO Joint Expert 
Committee for Food Additives (JECFA) 
The initial concept of food additives for the world wide concern and standardization 
was brought by the fAO/WHO Joint Expert Committee for Food Additives (JECFA) 
in 1955 as "non-nutritive substances added intentionally to food, generally in small 
quantities, to improve its appearance, flavor, texture, or storage properties." However, 
It has been evolved all the time since then (Heijden 1999). The definition of the 
Codex Alimentarius has now became border: "any substance not normally consumed 
as a food by itself and not normally used as a typical ingredients of the food, whether 
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or not it has nutritive value, the intentional addition of which to food for a 
technological (including organoleptic) purpose in the manufacture, processIng, 
preparation, treatment, packing, packaging, transport or holding of such food results, 
ormay reasonably be expected to result (directly or indirectly) in it or its by-products 
becoming a component of or otherwise affecting the characteristics of such foods. The 
term does not include 'contaminants' or substances added to food for maintaining or 
improving nutritional qualities" (Joint FAO/WHO Expert Committee on Food 
Additives. Meeting (68th: 2007 : Geneva Switzerland) and others 2007). 
1.2.3 Definition of Food Additives Given by the Commission of the 
European Union 
The commission of the European Union's official definition of food additives is 
given in the Guide Directive 89/107/EEC (Commission of the European Communities 
1989): "For the purposes of this Directive 'food additives' means any substance not 
normally consumed as a food in itself and not normally used as a characteristic 
ingredient of food whether or not it has nutritive value, the international addition of 
which to food transport or storage of such food results, or many be reasonably 
expected to result, in it or its by products becoming directly a component of such 
foods." 
With the aim of developing legislation in the food additives field, the general 
principles were drawn up during the first JECF A meeting and similar ones were 
quickly applied by the EU and its member states. Generally, the use of additives must 
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be authorized or they must be listed in a positive list; they must involve no health 
concern of consumers; they must be no risk, in any way, of misleading consumers as 
to the quality of the product, or encouraging defective distribution techniques or 
production. 
1.3 Food Colorants and Stability Assessment 
1.3.1 Define a Color: Color Space, Hue, and Chroma 
Calor space represents system that describes colors for objectives, such as the Nonn 
Color and CIELAB systems (Drew and Meyer 2005). Take the most wide used 
CIELAB system for example, the color space is defined by the CIE, based on one 
channel for Luminance (lightness) (L *) and two color channels (a* and b*). As 
Figure 1.3a shows, all colors can be identified in this 3D space using Lab value as 
coordinates. Its advantage is the colorimetric distances between the individual colors 
correspond to perceived color differences. In this system, the a axis extends from 
green (-a*) to red (+a*) and the b axis from blue (-b*) to yellow (+b*) while the value 
of the brightness (L *) starts from the bottom to the top (Hinkel 2007). 
The horizontal plane perpendicular to lightness dimension is the hue of a color and 
the radius from the center outwards is the chroma or the saturation of a color (Figure 
1.3b). This design allows hues to change gradually from one to the next, also defines 
chroma and lightness as rulers starting from a definite zero point. 
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1.3.2 Natural Pigment 
Natural pigment was once defined as one that is synthesized and accumulated in, or 
excreted from, living cells or some formed by the dying cell such as oxidized phenols 
and the more simple phenolic derivatives such as the anti-coagulant coumarins 
(Velisek and others 2007; 2008). 
However, there are obvious 'gray' areas of the delimitation. For example, indigo, a 
famous plant dye, presents in a colorless glycoside form in the living tissues. 
Extraction, hydrolysis and oxidation are need for acquiring its blue color. In that case, 
an expanded definition of a natural colorant as a 'pigment formed in living or dead 
cells of plants, animals, fungi or micro-organisms, including organic compounds 
isolated from cells and structurally modified to alter stability, solubility or color 
intensity' is offered (Hendry and Houghton 1996). 
1.3.3 Food Color and use of Colorant 
A food colorant or color additive is any day, pigment, or substance that can give 
color when added to a food, drug, or cosmetic or to the human body (United States. 
Congress. House. Committee on Government Reform and Oversight. 1995; Insel and 
others 2004). In addition, substances introduced to enhance or preserve the color of 
foods such as color retention agents, fixatives, and color stabilizers fall into this 
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category (Maga and Tu 1995). 
Currently, food colors are distinguished into three major categories, synthetic colors, 
natural identical colors, and the natural colors (Downham and Collins 2000). 'Natural 
identical' colors have been developed to match their counterparts in nature such as 
synthesized carotenoids while natural colors are directly extracted from natural 
sources. 
The European Union has authorized about 43 colorants as food additives, whereas 
30 color additives are approved for use in the United States (Commission of the 
European Communities 1989; FDA 2006). The legislation does not sort them into 
synthetic and natural colorants; however, all the listed color additives are derived 
from natural sources (Table 1.3) by chemical and/or physical extraction in both these 
two regions. The current commercial, naturally derived food colorants have several 
drawbacks (Table 1.3 & 1.4). Anthocyanins one famous fiavonoids and natural 
pigment, its violet, purple colors are sensitive to oxidation, bleaching by sulfur 
dioxide and vary with pH. Also, betanins, carotenoids and chlorophyll pigments are 
also easily decolorized by oxidation, making them sensitive to light, heat and oxygen. 
These drawbacks limit their application to acidic foods and beverages as they may 
possibly decolorized during the processing, storage and display of the foods to which 
they have been added. For example, some food colorant like curcumin has a different 
problem as it is the major pigment of tunneric and carries a spicy, curry favor, which 
limits its use. 
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1.3.4 Microbial Colors as Food Colorant 
Many microorganisms have been found to produce natural colorants, e.g. Blakeslea 
trispora, Monascus purpureus, Mycobacterium Streptomyces coelicolor and lacticola 
produce ~-carotene, polyketides, polyketides and astaxanthin, respectively (Sanjay 
and others 2007). Microbial pigments have the advantage of requiring small area for 
their growth, having extra functions like antimicrobial and antioxidative ones, being 
climate independent, and they can be produced in any quantity in a short period of 
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3-4, violet 
at pH 5-9 
and pink at 
pH 10-12 
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alnsect pathogen, correct name Isaria sinclairii. 
Comments 
Well-known pigments 
of the Orient, 
authorized in Japan, 
heat- and pH-stable 
Water-soluble, antioxidant, 
high coloring power, 
reported to stimulate 
astaxanthin 






Atrovenetin is an antioxidant 
and might exert a 
dual functionality 




patented in more 
than 120 countries 
high amount of exogenous 
pigment, not yet characterized 
Mostly trapped in mycelium, 
uncharacterized 
(Juzlova and others 1996; 
Jung and others 2003; 
Jongrungruangchok and 
others 2004) 
(Abdel-Lateff and others 
2003; Echavarri-Erasun and 
Johnson 2004) 
(Cho and others 2002) 
(Ishikawa and others 1991; 
Robinson and others 1992) 
(Pimentel and others 1994; 
Dufosse 2006) 




1.3.5 Stability of Food Colorant 
The use of any colorants, especially those from natural origins, in food requires a 
detailed investigation of the stability of the colorant to possible degradation processes 
(Jespersen and others 2005) that is because our food products are such complex 
matrixes where coloring additives might be exposed to factors such as pH, 
temperature, light, co-pigment, self-association, metallic ions, enzymes, oxygen, 
ascorbic acid, sugars and their degradation products, proteins, and sulfur dioxide 
(Francis 1989; Kirca and others 2007). 
1.4 Food Safety and Risk Assessment 
1.4.1 Food Safety 
Methods for testing and assessment on food and drugs have changed considerably 
since early 19th . However, although molecular and high performance analytical 
techniques are getting mature and wildly being used now, there are still problems and 
crisis happened all the time. These give us human being nonstop warning of risks. 
The importance of food safety for health and development has drawn attentions to 
many international organizations (World Health Organization. and Food and 
Agriculture Organization of the United Nations. 1996; Food and Agriculture 
Organization of the United Nations. and World Health Organization. 1997; Food and 
Agriculture Organization of the United Nations. and others 1999; World Health 
Organization. and Food and Agriculture Organization of the United Nations. 1999). 
Food safety with its related regulations is a scientific system describing the handling, 
preparation, and storage of food in ways that prevent foodbome illness. As agreed 
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internationally, they should be followed to avoid potentially severe health hazards. 
Food can transmit disease as well as serve as a medium for bacteria and other harmful 
microbes to grow which might cause food poisoning (Sherrow 2008). Food safety 
related diseases take a major roll on health, which make many of people fall ill and 
some die. Deeply concerned by this, resolutions and frameworks on crisis respond 
were adopted by WHO, FAO and their Member States to recognize food safety as an 
essential of public health, and to develop a global strategy for reducing such 
incidences (Redman 2007). 
1.4.2 The Codex Alimentarius 
The Codex Alimentarius (Latin for "food book" or "food code") is "a collection of 
internationally recognized standards, codes of guidelines, practice, and other 
recommendations relating to foods, food production and food safety. Its contents are 
developed and maintained by the Codex Alimentarius Commission, an international 
joint body that was established in 1963 by the Food and Agriculture Organization of 
the FAO and the WHO" (Joint FAO/WHO Codex Alimentarius Commission. 1992). 
The main purposes of this Programme are protecting health of the people world 
wide and ensuring fair trade practices in the food trade, and coordinating all food 
standardizing works undertaken by both international governmental and 
non-governmental organizations. 
1.4.3 National and Regional Authorities 
Besides the international commISSIons on food safety, authorities in almost all 
regions and countries are protecting their citizen from food hygiene related diseases 
and working closely with each other. For instance, in the USA, the Center for Food 
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Safety and Applied Nutrition of Food and Drug Administration (FDA) has 
responsibility for the food additives and pesticides residue in food while in UK the 
Food Standard Agency does the similar work. And in Hong Kong SAR, the Centre for 
Food Safety, established on 2 May 2006 under the Food and Environmental Hygiene 
Department, is a reliable watchdog as well to ensure food sold in Hong Kong is safe 
and fit for consumption through tripartite collaboration among the Government, food 
trade and consumers (Gilardi and Fubini 2005). 
1.4.4 The Acceptable Daily Intake (ADI) and Other Related Safety 
Levels 
'Acceptable daily intake or ADI is a measure of the amount of a specific substance 
(usually a food additive, or a residue of a veterinary drug or pesticide) in food or 
drinking water that can be ingested (orally) over a lifetime without an appreciable 
health risk. ADIs are expressed by body mass, usually in milligrams (of the substance) 
per kilograms of body mass per day' (Lu and others 2002). 
An ADI value is based on current research, with long-term studies on animals and 
observations of humans and it was first introduced in 1961 by the Council of Europe 
and later JECFA. First, a No Observable (Adverse) Effect Level (Fennema 1996), the 
amount of a substance that shows no toxic effects, is determined on the basis of 
studies intended to measure an effect at several doses. In the case of several studies on 
different effects, the lowest effective dose is usually taken. Then, the NOEL (or 
NOAEL) is scaled by a safety factor of 100 (conventionally), to account for the 
differences between test animals and humans (factor of 10) and possible differences in 
sensitivity between humans (another factor of 10) as human are much more diverse 
from certain strain of laboratory animals. The ADI is usually given in mg/kg body 
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weight/day (Mackey and Kotsonis 2002). 
1.4.5 Toxicity Tests for Safety Assessment 
Hazard identification uses a range of in vitro and in vivo tests designed to provide 
information on the toxicity of the chemical. The validity of experimental data and 
endpoints such as ADI, and NOAEL for safety assessment depend on both the design 
and the execution of the study. Accepted design should follow the advices given in 
national and international guidelines while correct execution is assured by a system of 
data validation known as GLP (Good Laboratory Practice). The toxicity tests for 
safety assessment use are summarized in Table 1.6. Usually, all the tests should be 
conducted on selected animal species before human test or before claiming safe to 
use. 
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Table 1.6 Main Toxicity Tests for Hazard Identification in Animals (Heijden 1999) 
Genetic toxicity Short-term tests designed to determine activity at a variety of endpoints; 
utilize both bacterial and mammalian systems 
Acute toxicity Single dose study to define extent of toxicity in the absence of other data 
Short-term toxicity Repeated daily doses for 14-28 days to provide useful indicators of toxic 
potentical when allied to sensitive clinical and pathology tests 
Subchronic toxicity Repeated daily doses for 90 days to provide information on major site(s) of 
toxicity and effects; useful for designing chronic studies 
Long-term or chronic Repeated daily doses for one year in nonrodents, or 2 years in rodents; data 
toxicity and from these studies are frequently the basis of risk assessment for food 
carcinogenicity chemicals 
Reproductive toxicity Repeated daily doses before, during, and after gestation to determine effects 
on the developing fetus and neonate and possible inheritable effects 
Immunotoxicity 
Neurotoxicity 
Investigations on the structure and/or functioning of the tissues and cells 
responsible for the activity and integrity of the immune response; integrated 
into short-term and subchronic studies 
Investigations of structure and functioning of the nervous system, e.g., tests of 
behavior; integrated into short-term and subchronic studies 
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The toxicity tests have been developed and improved significantly during these 
latest decades. However, for all the acute tests currently accepted by worldwide 
scientific bodies and governments, the basic procedures are similar (AlIen and others 
2004). Usually, each animal is administered a relatively high single dose of the test 
substance, observed for usually two weeks for signs of treatment-related effects and 
death, then conduct necropsies. 
There is a worldwide agreement that the welfare of laboratory animals is important; 
it will continue to be an important factor influencing the work of scientists around the 
world (Hendriksen and Koeter 1991). As shown in Figure 1.4, the minimum animal 
number that required for each test has been reduced significantly since the 









1981: first adoption of TG 401; < 50 animals 
1986: OECD Expert Meeting (Paris); 
1987: adoption of revised TG 401; 
1989: EC Seminar on acute toxicity testing (Brussels); 
1991: OECD Workshop on acute toxicity (Washington); 
1992: adoption ofTG 420; 
1996: adoption ofTG 423; 




1999: circulation of questionnaire on the need for TG 401; 
1999: OECD Expert Meeting (ArHngton); 
2000: OEeD Expert Meeting (paris); 
• 2001: Joint Meeting endorsement of updated TG 420, 423, 425 and declassification of 
Guidance Document No.24 on Acute Toxicity; 
• 2001: adoption of updated TG 420, 423, 425 and deletion ofTG 401. < <5 animals 
Figure 1.4 Historical Background of Acute Toxicity Tests 
1.4.6 Sensitive Organs to Toxin (Liver and Kidney) 
The small vascular units called hepatic lobules compose the liver. The liver has 
both arterial and venous blood supplies. The venous blood flows into the liver via 
hepatic portal veins which absorb food components from the gut while the arterial 
blood carries oxygen required for liver metabolism through the hepatic artery. Venous 
drainage occurs by way of the hepatic vein (Young and Wheater 2006). 
Mammalian liver consists of at least fourteen different types of cells. Hepatocytes, 
the most common site for chemical detoxicification, account for between 60 per cent 
(rat) to 85 per cent (man) of the total number of cells in the liver. It also accounts for 
90-95 per cent of the total weight of the liver. (Bourdeau and International Council of 
Scientific Unions. Scientific Committee on Problems of the Environment. 1990). 
However this unique structure and function also make the liver the prime target of 
toxins. Liver serves as the first gate in the pathway of blood vessels that convey 
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substances absorbed from the digestive track giving itself the first hand to receive 
metabolic substrates, nutrients and even toxic materials. Liver normally degrades or 
conjugates toxic substances to render them harmless, but at high concentration, it can 
be overwhelmed by them, and damaged (Ross and Pawlina 2006). 
Similar to liver, In vivo, kidney especially the developing one is a sensitive target to 
harmful effects of physical, biological, and chemical factors (Landriault and others 
1989). Its unusual susceptibility is due to its role. It is required to maintain water, salt, 
and acid balances of the body, therefore, it is responsible for preserving the internal 
environment of the body (Hashimoto and others 1999). Toxic injury to the kidney is 
known to occur as a result of exposures to chemicals such as carbon tetrachloride and 
trichloroethylene, and the heavy metals cadmium (Karadeniz and others 2009). Some 
of these toxicants also cause physical injury to the kidney, while others produce 
chronic changes that can lead to end-stage renal failure or cancer. 
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1.5 Safety Assessment of Food Color Additives 
1.5.1 Color Additives (Food) 
FDA defines the color additives as "any dye, pigment or substance that can impart 
color when added or applied to a food, drug, cosmetic or to the human body" (FDA 
2003). All color additives permitted for use in foods are classified as "certifiable" or 
"exempt from certification" (Table 1.6). 
Color additives which are exempt from certification include pigments obtained from 
natural resources such as vegetables, minerals or animals, and man-made counterparts 
of natural derivatives. For instance, caramel color is regarded as one as it is produced 
commercially by heating sugar and other carbohydrates under strictly controlled 
conditions for use in sauces, gravies, soft drinks, baked goods and other foods. 
Certifiable color additives which are all artificial pigments are used widely because 
their coloring ability is more intense than most colors derived from natural products; 
therefore, they are usually added to foods in relatively smaller quantities. In addition, 
certifiable color additives are more stable, have better color uniformity, and can easily-
provide a wide range of hues (Socaciu 2007). Certifiable color additives generally do 
not create undesirable flavors to foods, while color extracted from foods such as beets 
and cranberries can produce such unintended effects. 
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FD&C Blue No.1 Bright blue 
Brilliant Blue FCF 
FD&C Blue No.2 Royal Blue 
Indigotine 
FD&C Green No.3 Sea Green 
Fast Green FCF 
FD&C Red No.40 Orange-red 
Allura Red AC 
FD&C Red No.3 Cherry-red 
Erythrosine 







Common Food Uses 
Beverages, dairy products powders, jellies, 
confections, condiments, icings, syrups, extracts 
Baked goods, cereals, snack foods, ice cream, 
confections, cherries 
Beverages, puddings, ice cream, sherbert, 
cherries, confections, baked goods, dairy products 
Gelatins, puddings, dairy products, confections, 
beverages, condiments 
Cherries in fruit cocktail and in canned fruits for 
salads, confections, baked goods, dairy products, 
snack foods 
Custards, beverages, ice cream, confections, 
preserves, cereals 
Cereals, baked goods, snack foods, ice cream, 
beverages, dessert powders, confections 
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1.5.2 Regulation of Color Additives 
There is a world wide concern that the safety of food additives should always be 
assessed thoroughly before its use. In the EU, safety is controlled by the European 
Food Safety Agency, EFSA, which is recognized as the highest food authority in this 
region. Additives are tested with different certified tests (Sherrow 2008). 
In United States, FDA is responsible for regulating all color additives. "FDA lists 
new color additives or new uses for listed color additives that have been shown to be 
safe for their intended uses in the Code of Federal Regulations (CFR), conducts a 
certification program for batches of color additives that are required to be certified 
before sale, and monitors the use of color additives in products in the O.S., including 
product labeling" (FDA 2003). Similar as the USA, the European Union created the 
E-number system for food coloring staffs and other food additives (Commission of · 
the European Communities 1994) It is a common list of additives which allows 
manufactures and consumers to find the information about certain additives contained 
in products from their package labeling (Otterstatter 1999). Not only for the whole 
community to standardize the use of food additives, but also the individuals can avoid 
substances which cause hypersensitivity and unfamiliar products. 
1.6 Characterization of Natural Food Colorants 
1.6.1 Composition of Natural Food Colorants 
Currently, natural extracts for food coloring use are not allowed in all the countries 
around world (Hendry and Houghton 1996). Different countries have different 
regulations for identify, produce, use, and labeling those authorized natural colorants 
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(Delgado-Vargas and Paredes-Lopez 2003a). Usually, natural colorants are extracts, 
or exudates from certain kind of plants, animals, or microorganisms. Most of them are 
complex chemical composition which indicates that the color could result from either 
a single major color component or a mixture of colored components and they are 
usually applied to different foods in a mixture form with one or more major color 
component. For those colorants result from a mixture of components, each of these 
color components contributes to the final color based on their typical absorption 
spectra exhibiting the difference in the color hues (Mapari and others 2006). 
As required by food law and regulations of different countries and all maJ or 
international mechanisms, it is essential to clarify and analysis the origin and major 
color component of pigments obtained from natural resources before bringing them 
into use (United States. Food Safety and Inspection Service. 2000). This is not only 
for the toxicological concern but gives information for whether certain pigment is 
suitable for being used in certain kind of food or not (Mapari and others 2006). 
1.6.2 Fungal Pigments as Unique Alternatives of Authorized Natural 
Food Colorants 
Color is the primary indicator of perceived quality of food as consumers often 
assess the quality of food by its color or appearance. The color of the product also 
affects our perception of other attributes, such as aroma, taste, and flavor. For instance, 
researchers (Dubose and others 1980) found that when beverage was atypically 
colored the number of correct identifications of fruit-flavored beverage decreased 
significantly. lohnson and Clydesdale (Johnson and Clydesdale 1982) found that 
panelists scored perceived sweetness of dark-colored sugar solutions 2 - 10 % (m/v) 
higher than a lighter-colored control. Interestingly, even though the darker solutions 
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actually contained 1 % less sucrose than the lighter solution. 
The current naturally derived food colorants have several drawbacks (Shao and 
Hathcock 2006). For instance, anthocyanins are flavonoids and are characterized by 
their basic flavylium cation structure. Its violet, purple colors are sensitive to 
oxidation, bleaching by sulfur dioxide and vary a lot with pH, limiting their 
application to acidic foods and beverages. Betanins, carotenoids and chlorophyll 
pigments contain labile hydrogens and are easily decolorized by oxidation, making 
them sensitive to light, heat and different pH levels (Mapari and others 2005). These 
features limit the stability of these color additives during the processing, storage and 
display of the foods to which they have been added. As indicated previously, many 
fungal pigments might cover the storages that both synthetic and other natural 
colorant have. 
1.6.3 Fungal Pigmentation and Phenolic Metabolism 
Many of the pigments of fungi are quinones or their similar conjugated structures 
(Hanson and Royal Society of Chemistry (Great Britain) 2008). Some of them are 
stored in the fungus as the less highly colored phenol or quinol. Several pathways 
such as polyketide pathway, terpenoid pathway, and shikimate pathway (Velisek and 
others 2007; 2008). For instance, allomelanins, the most heterogenous group of 
melanins comprise nitrogen-free macromolecular polymers of simple phenols, usually 
red to dark brown pigments of fungi and higher plants. And the synthesis of phenolic 
polymers undergo a group of up mentioned pathways (Hendry and Houghton 1996). 
The precise biosynthetic origin of most of the allomelanins is believed to be related to 
polymers of simple phenols and their quinones. 
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In this case, phenolics play one of the major roles of fungal pigmentation. Table 
1.8 lists phenolics mentioned in literature which have correlation with fungi growth, 
environmental change, and pigmentation. The mechanisms of fungi phenolic 
metabolism, their interaction with related enzymes, and the role of phenolics in 
Lentinula edodes can be found in detail in the latter chapters. 
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Table 1.8 Phenolics reported to have correlation with fungi growth, pigmentation, and 
response to environmental changes. 
No. Phenolics Molecule formula Mass CAS Number 
Phenolic compounds of selected mushrooms from Korea (Kim and others 2008) 
01 gallic acid C7H60S 170.02 506-26-3 
02 pyrogallol C6H60 3 126.03 87-66-1 
03 homogentisic acid C8H80 4 168.04 102-32-9 
04 5-sulfosalicylic acid C7H60 6S 217.99 1997-5-2 
05 protocatechuic acid C7H60 4 154.03 99-50-3 
06 gentisic acid C7H60 4 154.03 4955-90-2 
07 p-hydroxybenzoic acid C7H60 3 138.03 99-96-7 
08 catechin C1sH1406 290.08 7295-85-4 
09 chlorogenic acid C16Hl809 355.1 327-97-9 
10 vanillic acid C8Hg0 4 168.15 121-34-6 
11 caffeic acid C9H80 4 180.16 71693-97-5 
12 syringic acid C9H100S 198.17 64887-60-1 
13 vanillin C8H80 3 152.15 8014-42-4 
14 cinnamic acid C9H80 2 148.17 63938-16-9 
15 p-coumaric acid C9H80 3 164.16 7400-08-0 
16 ferulic acid C lOH lOO4 194.18 97274-61-8 
17 veratric acid C9H lOO4 182.17 1993-7-2 
18 rutin C27H30016 610.52 56764-99-9 
19 salicylic acid C7H60 3 138.12 8052-31-1 
20 benzoic acid C7H60 2 122.12 8013-63-6 
21 nanngln C27H320 14 580.54 10236-47-2 
22 o-coumaric acid C9H80 3 164.05 614-60-8 
23 myricetin ClsH1008 318.24 58-54-8 
24 resveratro I C14HJ20 3 228.25 9010-10-0 
25 quercetin C1sHIOO7 302.24 74893-81-5 
26 naringenin C1sHJ2Os 272.26 67604-48-2 
27 kaempferol ClsHlOO6 286.23 66428-89-5 
28 hesperetin C16H1406 302.27 520-33-2 
29 formononetin C16HJ20 4 268.27 485-72-3 
30 biochanin A C16HJ2Os 284.27 491-80-5 
Polyphenols and ergothioneine in cultivated mushrooms (Dubost and others 2007) 
31 chorismic acid C lOH lOO6 226.18 617-12-9 
32 prephenic acid CloHl006 226.183 126-49-8 
33 tyrosine C9H11N03 181.19 60-18-4 
34 4-aminobenzoic acid C7H7N02 137.14 8014-65-1 
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35 4-aminophenol C6H7NO 109.13 63084-98-0 
36 catechol C6H60 2 110.1 7295-85-4 
37 p-hydroxy-benzoic acid C7H60 3 138.03 99-96-7 
38 p-coumaric acid C9Hg0 3 164.16 7400-08-0 
10 vanillic acid CgHg0 4 168.1467 121-34-6 
Phenolics as substrates of fungallaccases (Thurston 1994) 
39 hydroquinone C6H60 2 110.1 8027-2-9 
36 catechol C6H60 2 110.1 7295-85-4 
40 guaiacol C7Hs02 124.14 9009-62-5 
41 2,6-dimethoxyphenol (Syringol) CgH]OO3 154.16 1991-10-1 
42 syringaldizine C]8H20N20 6 360.36 14414-32-5 
43 syringaldehyde C9H lOO4 182.17 134-96-3 
Fungal cell wall-bound phenolics (Campbell and Ellis 1992) 
44 beta-phenylpropionic acid C9H1OO2 150.07 501-52-0 
45 diferulic acid C2oH180g 386.1 436-96-4 
46 Sinapinic acid CllH120 S 224.07 7374-79-0 
Microbial production of food grade pigments (Dufosse 2006) 
47 arpink red C22Hlg06 378 .. 11 165450-17 -9 
Syringic acid and its metabolites in some fungi (Eriksson and others 1984) 
48 trimethoxybenzoic acid C lOH 120 S 212.2 570-02-5 
49 trimethoxybenzyl alcohol ClOH140 4 198.2158 3840-31-1 
50 veratryl alcohol C9H 120 3 168.19 1993-3-8 
51 3-o-methylgallic acid CgH80 S 184.149 3934-84-7 
3-hydroxy-4,5-dimethoxybenzoic 
52 acid C9H100S 198.1727 2016-8-1 
53 3,4-Dihydroxyphenyl ethanol CgH1003 154.16 10597-60-1 
54 3,4-Dihydroxyphenyl Acetone C9H IO0 3 166.1739 2503-44-8 
Ferulic acid conversions to vanillic acid and guaiacol by Rhodotorula rubra (Huang and 
others 1993) 
40 guaiacol C7Hs02 124.14 9009-62-5 
55 vanillyl alcohol CgH100 3 154.16 498-00-0 
56 methoxyhydroquinone C7H80 2 124.14 824-46-4 
10 vanillic acid CgHS04 168.1467 121-34-6 
57 4-hydroxy-3-methoxystyrene C9H100 2 150.17 7786-61-0 
16 ferulic acid ClOHlOO4 194.184 1135-24-6 
58 dihydroferulic acid C lOH 120 4 196.1999 537-98-4 
05 protocatechuic acid C7H60 4 154.03 99-50-3 
Metabolites of Ferulic Acid by Paecilomyces variotii and Pestalotia palmarum (Rabouti and 
others 1989) 
59 coniferyl alcohol ClOH120 3 180.2 458-35-5 
38 
60 coniferyl aldehyde CloHlOO3 178.06 458-36-6 
61 dihydroconiferyl alcohol ClOH140 3 182.09 2305-13-7 
02 pyrogallol C6H60 3 126.03 87-66-1 
62 a-naphthol C1oHg01 144.17 90-15-3 
63 p-cresol C7HgO 108.13 106-44-5 
64 tyrosine C9H11N03 181.19 60-18-4 
36 catechol C6H60 2 110.1 120-80-9 
4-vinylguaiacol 
65 (4-hydroxy-3-methoxystyrene) C9H}o02 150.17 7786-61-0 
16 ferulic acid ClOHlOO4 194.18 1135-24-6 
10 vanillic acid CgHg0 4 168.15 121-34-6 
55 vanillyl alcohol CgH100 3 154.16 498-00-0 
56 methoxyhydroquinone C7Hg0 2 124.14 824-46-4 
Aromatic Ehenolics of Lentinula edodes (Crestini and Sermanni 1995) 
50 veratryl alcohol C9H120 3 168.19 1993-3-8 
66 digydroxybenzaldehyde C7H60 3 138.12 1995-1-2 
10 vanillyl alcohol CgH lOO3 154.16 498-00-0 
Peroxidase-mediated formation of the fungal polyphenol 3,14'-hihispidinyJ (Lee and Yun 
2008) 
67 hispidin C13H100S 246.05 555-55-5 
68 3,14'-bihispidinyl C26HlgOlO 490.09 62682-06-8 
69 hypholomine B C27H1gOlO 502.09 62350-94-1 
70 1,1-distyrylpyrylethan C2gH22010 518.12 62350-94-1 
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CHAPTER 2 Stability Assessment of the Exudates 
from L. Edodes Mycelia 
2.1 Introduction 
2.1.1 General Information 
The use of any natural pigments In food as additives requIres a detailed 
investigation of their stability under different conditions in order to meet the stringent 
requirements of the industry and government for them to be used in coloring food. 
Our senses work together when we consume foods. Food colors always associated 
with certain flavors in a food (Socaciu 2007). In that sense, food manufacturers add 
colorants to maintain or enhance the appearance of their products in order to retain the 
best appearance in the food and to attract the customers (Delwiche 2004). Colorants 
also protect flavors and vitamins from light damage, particularly during storage. In the 
food industry, colorants can be classified as natural, nature identical and synthetic 
(Hutchings 2003). And there is an on-going trend of applying the natural and 
functional pigments to replace · the synthetic ones, as demanded by the fast growing 
functional food market (Hutchings 1999). 
2.1.2 Natural Sources of Food Colorant 
The amount of colorants extracted from natural sources (Table 1.3) relies on the 
availability and supply of raw materials for production. Furthermore, the natural 
sources of pigment are prone to destruction, and the extracted pigments are influenced 
by the extraction method and solvent used (Francis 1986). Thus, the chemical 
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composition, the color, and the stability of the commercial natural colorant additives 
vary in quality among different suppliers (Downham and Collins 2000). 
Currently, natural pigments are distinguished by their sources, such as plant 
resource (Ferruzzi and Schwartz 2005; Kim and others 2005; Wybraniec 2005), 
insects (Sugimoto and others 2002), and microorganisms (Cho and others 2002; 
Unagul and others 2005). The latter has attracted many attentions outside the food 
industry worldwide. The stability of the microbial pigments is one of the reasons 
(Raisanen and others 2002), together with other advantages such as the possibility, for 
in-house mass production, and the availability of varies cultivation technologies that 
can be optimized for higher yields (Wu and others 2000). The ultimate aim is the 
production of unique and stable pigments by microbial biotechnology that could be 
different from plants and be independent from sunlight and climatic changes. 
2.1.3 Application of Natural Pigments 
Health concerns by the consumers over the safety of synthetic colorants have led to 
the restricted use of some synthetic colorants in food, confectionery, and beverages 
which has promoted the search for and use of natural colorants. Natural food colorants 
that can replaced the banned FD&C Red #2 or FD&C Red #40 are currently needed 
(Francis 1989). 
2.1.3 Objectives 
The objectives of this investigation were to: (1) characterize the crude color 
prepared from L. edodes mycelial exudates; (2) assess the color stability of the 
exudates with reference to the other commercial colorants under different conditions 
to explore its potential as a food colorant. 
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2.2 Material and Methods 
2.2.1 Cultivation of Shiitake Mushroom 
Culture medium was prepared by autoclaved Potato dextrose agar (PDA, Cat.: 
213400, BD company, USA) in double distilled water (39 g PDA in 1 L DD water). 
Warm PDA solution (30 ml/dish) was poured aseptically into plastic Petri dishes 
(89.25 x 16.2 mm, Cat. No. 101VR20, Barloworld Scientific Ltd., UK) and was 
cooled and solidified to form plates at room temperature. A piece (7 x 7 x 1.5 mm3) of 
cultivated agar plate with obvious shiitake mycelia (Strain 1358) was cut and 
subcultured at the center of a freshly prepared PDA plate. The PDA plate was 
incubated in an incubator at 25 QC to develop the shiitake mycelia. 
2.2.2 Collection of the Exudates 
After 3-4 weeks of incubation, the color of the agar plates turned to reddish brown 
and droplets of exudates in dark color was also secreted from the top of the mycelia. 
The agar plates were soaked in Mini-Q water after being cut into small pieces and 
centrifuged (15,000 g, 20 minutes). The supernatant was collected, frozen (-80 QC) 
and freeze-dried (-47°C, 5 mTorr). The dried crude L. edodes mycelial exudates were 
obtained for further studies. A blank group of agar plates without mycelia were also 
parepared and incubated with those mycelia-planted plates for extraction of the 
exudates. After equivalent time of incubation, agar without mycelia were also 
underwent same treatment for the exudates extraction as mentioned above. 
2.2.3 Commercial Colorant 
Commercial Monascus colorants (MR type 1 - 3 and MY) used as control group 
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were obtained from Tianyi Biotech Co. Ltd., Dongguan, China. Commercial Caramel 
(Burnt Suger, E number: Food Color E150 c) was made in England and repackaged 
by Wing Hing Chemical Company Limited. 
Table 2.1 Application areas and solubility of commercial Monascus colorants 
Product name Application areas Solubility 
Monascus Red Meat product, seasoning, drink, Water and alcohol soluble 
( MR type 1 - 3) wines, fruit jelly, cakes and pastries, 
candy and so on. 
Monascus Yellow 
(MY) 
U sed as a colorant in biscuits, Water and alcohol soluble 
pastries, chilled foods, puffing foods 
flavoring, beverage, puddings, 
drinks etc 
http://www.tianyibiote.comieniindex.htm (Tianyi Biotech Co. LTD) 
2.2.4 Buffer Systems 
In order to built a wide range of pH values which cover most of the foods' pH, two 
buffer systems McIlvaine's Buffer System (pH 2.2 - 8) and Clark-Lubs' Buffer 
System (PH 8 -10) were prepared to determine the color and the spectral properties of 
the colorants at different pH values. The McIlvaine's Buffer System was prepared 
with different combinations of O.IM citric acid (Cat. No. 160, Ajax, Australia) and 
0.2M Na2HP04'12H20 (Cat. No. 04273, RDH, USA), while the Clark-Lubs' Buffer 
system was prepared with different combinations of 0.2 M NaOH (Cat. No. 30620, 
RDH, USA) and 0.2 M KH2P04 (Cat. No. 391, Ajax, Australia). 
2.2.5 Soft Drink Medium 
A non-carbonated aqueous soft drink medium for stability tests was prepared and its 
formulation was as follows (containing per 1000 g): sucrose, 86.0 g; sodium benzoate, 
0.14 g; potassium sorbate, 0.18 g; ascorbic acid, 0.02 g and citric acid, 1 .52 g. pH 
value was adjusted to pH 3 with 0.1 M citric acid (Dyrby and others 2001). 
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2.2.6 Pigment Solution Sample Preparation 
All samples for all tests were freshly prepared and filtered through 0.22 Jlm Filter 
(Sterivex TM-GS, Millipore, USA) to prevent microbe and contamination, and make a 
clear solution for measuring color parameters. 
2.2.7 Measurements of Physicochemical Parameters 
Dried exudates powders and the commercial colorants were dissolved in different 
McIlvaine's buffer (pH 2.2-8.0) and Clark-Lubs' buffer (pH 8.0-10) to prepare 
pigment solutions (AAmax = 0.8 ± 0.2). The pigment samples were kept at 22 DC in the 
dark for 24 h prior to determined their spectral properties and color parameters (Cai 
and others 2001). Determinations were carried out in triplicate. 
The Hunter color parameters L *, a *, and b * based on CIELAB 1967 color space 
(Cohen 2001) were measured by a colorimeter (LabScan XE spectrophotometer, 
Hunter Associates Laboratory, Inc., Reston, USA) through a 2.5-inch sample cup (2.5 
in diameter, 10 mm in depth). DV-visible spectra of the pigment solutions were 
determined on a diode array spectrophotometer (Model S2000, WPA Lightwave, 
Cambridge, UK). Different sample powders were also measured by the colorimeter. 
Color parameters were expressed as tristimulus parameters, that is, L *, a*, b*, C, 
and HO . The C value indicates color purity, calculated as in equation (1). 
(1) 
Hue angle indicates sample color, calculated as in equation (2). For HO at 0° or 360 
0, 90°, 1800 , and 270° , the corresponding colors are red, yellow, green, and blue 
(Sapers 1994). 
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.Er (Hue angle) = tan- 1 (b*/ a*) (2) 
6. E*ab denotes the total color difference between two samples, calculated as in 
equation (3) (Francis 1985; Sapers 1994). 
6. E* ab (Total Col or Difference) = [( 6. L *)2 + ( 6. a *)2 + ( 11 b *)2] 112 (3) 
General color retention of L. edodes mycelial exudates and selected commercial 
colorants were measured in order to obtain preliminary data for further investigations. 
All samples were kept away from light exposure by wrapping the container (covered 
testing tube) with aluminum foil (c613 Foil, Reynolds Mental Co., UK) in double 
layers. Color retention (%) was calculated as in equation (4): 
Color retention (%) = measured absorbance x 100% 
initial absorbance 
2.2.8 pH Stability 
(4) 
Effects of pH on pigment stability of the L. edodes mycelial exudates and 
commercial caramel colorant were measured at nine pH values (pH 2.2, 3, 4, 5, 6, 7, 8, 
9, and 10) with the two aforementioned buffer systems. All color intensities of 
samples were standardized by adjusting their absorbance to A610nm = 0.8 ± 0.2. 
Measurements were performed by measuring their absorbance with a Hewlet Packard 
HP 8453 spectrophotometer (Palo Alto, CA, USA) at 610 run which is always chosen 
for measuring red or reddish pigments (Johns and Stuart 1991). Two groups of both 
the L. edodes mycelial exudates and commercial caramel colorant at different 
temperatures (25 DC and 70 DC) were kept away from light by wrapping the 
container (covered testing tube) with aluminum foil (c613 Foil, Reynolds Mental Co., 
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UK) in double layers as described before. The degradation situation was determined 
by measuring their absorbance at predetermined time intervals from the first hour to 
Day 192. 
2.2.9 Thermal Stability 
A commercial caramel colorant was used to investigate the thermal degradation 
between the control and the L. edodes mycelial exudates. Samples were blocked from 
light by wrapping the tube (PYREX Screw Cap Culture Tubes Cat. No. 99447-13, 
Coming, USA) with double-layered aluminum foil (c613 Foil, Reynolds Mental Co., 
UK) to minimize photooxidative degradation. All samples were dissolved in two 
aforementioned buffer systems at five different pH levels (PH 2, 4, 6, 8, and 10) and 
their color intensities were standardized by adjusting their absorbance to A610nm = 0.8 
± 0.2. All groups were filled in covered test tubes at fixed volume of 5 ml per tube 
submerged in waterbaths (50°C and 98°C) and measured at predetermined time 
intervals over 240 h period. Color retention was based on their absorbance at 610 run 
measured by a UV-VIS spectrophotometer mentioned previously and calculated as in 
equation (4). 
2.2.10 Light Stability 
The light-accelerated degradations of the colorant solutions were studied using a 
home-made light cabinet incorporated with a fluorescent tube lamp (F40C50 UPC, 
Philips, Dutch) and a xenon lamp (Atlas Material Testing Technology GmbH, 
Linsengericht, UK). Figure 2.1 shows a diagrammatic sketch of the experiment 
design. Both the xenon lamp and the fluorescent tube lamp were at the same distance 
from the samples when used as a light source. The inside surface of the light cabinet 
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was covered with aluminum foil (c613 Foil, Reynolds Mental Co., UK) to keep a 
relatively constant light intensity. Test tubes (PYREX Screw Cap Culture Tubes Cat. 
No. 99447-13, Coming, USA) filled with 5 ml pigment solution were placed at the 
back inside the cabinet. The commercial caramel colorant, the commercial Monascus 
Red (three types: MR 1, MR 2, and MR 3), and the commercial Monascus Yellow 
(MY) colorants were served as controls (Figure 2.2). As the colorants might display 
different colors in different types of food, a soft drink model was chosen to mimic the 
situation in beverage and to evaluate their stability when subjected to continuous light 
exposure. All groups were dissolved in both the McIlvaine's buffer (pH 5.6) and the 
soft drink model (PH 3.0). They were kept in a light-proof container before the 
measurements. The whole system (Fig. 2.1) was set up in a walk-in cold room (4°C) 
(no lighting) to create a constant environment and to reduce the possible heating effect 
cause by the lamps. The light intensity of the fluorescent tube lamp and the xenon 
lamps were 17.23 W 1m2 (equal to 1654.2 lux) and 480 W 1m2 (equal to 328,000 lux) 
respectively. The light intensity was measured with a model LI-189 quantum 
photometer (LI-COR, Lincoln, NE). The degradation situation was determined by 
measuring their absorbance with the UV-VIS spectrophotometer mentioned 
previously at predetermined time intervals over 240 h period (Jespersen and others 
2005). 
2.2.11 Statistical Methods 
All statistical analyses were subjected to a parametric one-way analysis of variance 
(ANOVA) at p = 0.05 (Snedecor and Cochran 1980). 
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Figure 2.1 System designed for investigating light effects on pigment stability. 
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Figure 2.2 Pigment of L. edodes mycelial exudates and other commercial colorants in 
both McIlvaine's buffer system and soft drink medium 
Samples: S = L. Edodes mycelial exudates; C = commercial caramel colorant; MR 1 = 
commercial Monascus Red type 1; MR 2 = commercial Monascus Red type 2; MR 3 = 
commercial Monascus Red type 3; and MY = commercial Monascus Yellow. Photographs 
were taken by a Panasonic digital camera (Panasonic Lumix DMC-LX2, Panasonic, Japan) 
using Auto White Balance (A WB) feature. 
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2.3 Results 
2.3.1 Physicochemical Characteristics 
Similar to commercial Monascus colorant, lyophilized L. edodes mycelial exudates 
were water-soluble with high tinctorial strength and strong hygroscopicity. 
Colorimetric measurements (CIELAB values) and calculations (Hue angle and 
Chroma) showed both a* and b* values were in the positive range, while the hue 
angles of the samples ranged from 30 to 70 degree of both pigment powder and 
solutions. Both Table 2.2 and Figure 2.2 show the color traits of the powder and 
solution of L. edodes mycelial exudates are different. The powder of the L. edodes 
mycelial exudates was yellowish in color with low color intensity (mean powder Ir = 
62.97, C = 31.64), while in the buffer solution, it was reddish brown in color with a 
relative high color intensity (mean solution Ir = 31.15, C = 58.01). Both the powder 
and the solution of the commerical Monascus yellow pigment were bright yellow in 
color. All three different types of Monascus Red powders were in dark red color but in 
bright and saturated red color when dissolved in water. The original commercial . 
caramel colorant was an oil-like liquid in dark black color with high viscosity. The L. 
edodes mycelial exudates in buffer solution were in saturated reddish brown color 
with high lightness. Its hue was only slightly lower than that of the Monascus Red 
type 3 (MR 3) and its lightness was higher than all the commercial colorant solutions 
except the Monascus Yellow MY. 
Referring to the color wheel described in the previous chapter (Figure 1.2b), a 
scatter plot (Figure 2.3) was used to give a better picture of the color profiles from the 
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L. edodes mycelial exudates and other selected commercial colorants. In the plot, the 
value of the exudates was close to 0 Q suggesting its solution was more "red" than the 
others, and the exudates was also found closer to commercial Monascus Red and 
caramel colorants in terms of distance, and relatively far away from Monascus Yellow 
colorant. 
For pigment retention, all the powders including the L. edodes mycelial exudates, 
Monascus colorant powders, and original caramel colorant remained at high levels 
both under 4 QC and 22 QC (Table 2.2). In buffer solution, both L. edodes mycelial 
exudates and commercial caramel colorant remained stable. However, for Monascus 
colorants in solution, the pigment retention only achieved around 75% and 20% at 4 
QC and 22 QC respectively. 
To analysis the possible effects on color after heating may be caused by the 
components extracted from the agar, water extracts of blank group (agar extracts after 
incubation at 37 QC) were heated at 98 QC for 240 h. No significant difference was 
found before and after the heating treatment. This suggests that the possible 
components from the agar extracted together with the exudates have very limited or 
no influence on color display. 
Table 2.2 Color Changes of Agar Extract as Blank Group 
Sample name L * 
AEa Before incubation 86.16 ± 1.0S 
AE After incubation 88.86 ± 0.62 
a AE = Agar Extract. 
b Hue angle(ff)=tan-1(b */ a*). 
C Chroma (C)=[( a*)2+( b*)2]1I2. 
2.3.2 pH Stability 
a* b* 
S.16 ± 1.04 39.04 ± I.S6 
6.30 ± 0.90 39.67 ± 1.10 
hue angleb chromac 
82.S0 ± 1.23 39.38 ± 1.67 
80.99 ± 1.17 40.18 ± 1.16 
To determine the stability at different pH values, s~mples were prepared at similar 
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tinctorial strengths (OD610 ~ 0.8) in buffer system with pH values set between pH 2.2 
and 10. The spectral changes of L. edodes mycelial exudates were determined at both 
25 and 70 QC (Figure 2.5) for 192 days of storage together with commercial caramel 
colorant (Figure 2.6) as control in the dark. 
The maximum initial color intensity of L. edodes mycelial exudates was found at pH 
10, with lower absorbance being observed at lower pH values. However, the initial 
color intensities among each pH value were insignificantly different (p<0.05). For 
exudates solutions at both room temperature (25 QC) and relatively higher temperature 
(70 QC), no significant difference was found between all measurements at all pH 
levels after one hour; while after 192 days of storage, slight degradations were found 
in all groups at room temperature (25 QC), and the color of the solutions went darker 
at 70 QC. Only two significant differences were both found under a relatively extreme 
condition at pH 2.2 and at both 25 and 70 QC (Figure 2.6). The rests were all 
insignificant (p > 0.05). 
The maximum initial color intensity of the newly prepared commercial caramel 
colorant solution was pH 7, with lower absorbance being observed at higher and 
lower pH values. The initial · color intensities among each pH values were not 
significantly different. Same as the exudates, no significant difference was found 
between all measurements of the commercial caramel solutions at all pH levels after 
one hour at both room temperature (25 QC) and relatively higher temperature (70 QC). 
After 192 days in the dark at room temperature (25 QC), caramel solution in acidic and 
neutral conditions (PH 2.2 - 7) remained stable but significant degradation occurred at 
alkaline conditions (pH 8 - 10). Caramel solutions at 70 QC for 192 days were found 
all suffering from significant degradation. More than 50% of the color faded away in 
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neutral and alkaline conditions (pH 7 - 10) suggesting the half life (tl/2) of color 
intensity under such conditions was lower than that for 192 days (Figure 2.6). 
Pictures of both L. edodes mycelial exudates and caramel colorant solutions at 
different pHs (PH 2.2 - 10) and at different temperatures (25 and 70 DC) before and 
after 192 days are shown in Figure 2.4. A notable trend of color changes are found in 
the pictures in which the exudates remained quite stable with saturated reddish color 
at both low and high temperatures while caramel colorant faded away especially at 
high temperature. 
2.3.2 Thermal Stability 
L. edodes mycelial exudates were tested at two predetermined temperatures (50 DC 
and 98 DC) and results of thermal and storage stability across 240 h period in the 
absence of light and air were compared to the commercial caramel colorant under the 
same treatment. 
Thermal degradation of L. edodes mycelial exudates at 50 DC and 98 DC under 
different pH conditions (pH 2 - 10) is shown in Figure 2.7. Generally, all exudates 
solutions under acidic environment suffered lower degradation but the color became 
unstable when temperature increased. At 50 DC, the color retention of exudates 
remained at significant high level (p < 0.05) continuously throughout the whole 
experimental period. Curves in Figure 2.7 slightly fluctuated within a range that was 
lower than 10%. 
At high temperature such as 98 DC, limited degradation of the exudates was found in 
the first 50 minutes which was similar to the low temperature groups. Then, it was 
followed by a slight increase in color of the pH 2 - 8 groups but with no significant 
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difference except for the pH 10 group. The pH 10 group was found relatively unstable 
compared to the lower pH groups where a significant difference was found with a 
degradation ratio greater than 30%. 
Comparing with the L. edodes mycelial exudates under same condition, the 
commercial caramel groups were more sensitive to temperature (Figure 2.8). 
Significant differences in color retention of the commercial caramel colorant between 
50 and 98 DC were found at all measured points. 
The absorbance of pH 4 and pH 6 groups at 50 DC went all the way up from 0.6 to 
0.8, an increase in approximate 30 % of the initial color intensity. However there was 
an obvious trend when pH went to extremes. The color retention increased after 50 
minutes, then dropped significantly afterwards. Overall, caramel color changed more 
dramatically in alkaline conditions than that in acidic conditions. The biggest drop of 
color retention among all samples and treatments was of more than 70 % when the 
caramel colorant in pH 10 solution at 98 DC for 240 h (Figure 2.8). Color retention 
only slightly increased at pH 2 and 4 but dropped eventually as time went on until the 
end of the tests. 
2.3.3 Light Stability 
In order to investigate the stability of the L. edodes mycelial exudates to light with 
the spectral distribution similar to that found in retail conditions, exudates and control 
groups including both commercial caramel and Monascus colorant were exposed to 
light from a fluorescent lamp with normal light intensity and from a high light 
intensity xenon lamp. Maximum absorbance of Monascus colorant solutions were 
measured by reading their absorbance from a spectrophotometer at their maximum 
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absorbance wavelengths (AMR Imax = 483nm, AMR 2max = 483nm, AMR 3max = 488nm, and 
AMYmax = 439nm). 
Under normal fluorescent lighting in a pH 3 buffer solution, all samples remained 
stable until the end of the test, while only slight decreases were found in the 
commercial Monascus colorants (Figure 2.9). Nonetheless, when light from a xenon 
lamp increased for more than 20 times from 17.23 W/m2 to 480 W/m2 (Figure 2.10), 
both the L. edodes mycelial exudates and the commercial caramel colorant remained 
stable as if they were under normal light. However, the Monascus colorants were 
remarkably sensitive to strong lighting and their absorbance dropped dramatically 
with a very short half life of less than 30 minutes. They faded away completely before 
end of the experiment and MR 3 was the most sensitive one. 
In soft drink with pH at 3, both L. edodes mycelial exudates and the commercial 
caramel colorant still remained quite stable when they were exposed to normal 
fluorescent light (Figure 2.11) while absorbance of all commercial Monascus colorant 
dropped significantly over 50%. 
Under xenon lamp (Figure 2.12), the absorbance of L. edodes mycelial exudates 
slightly dropped from about 0.65 to 0.50 (around 20%) while the commercial caramel 
colorant dropped from 0.75 to around 0.4 indicating approximately 50 % of change. 
The change in absorbance of Monascus colorants was extremely drastic at high light 
intensity. Their absorbance (or optical density) dropped to the bottom as soon as when 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.3 Description of the CIELAB colorimetric system and a general scatter plot 
(color wheel) of L. edodes mycelial exudates and selected commercial fungal pigments. 
+ Derivative pigments: LEME = L. edodes mycelial exudates, MR 1 = Monascus Red type 1, MR 
2 = Monascus Red type 2, MR 3 = Monascus Red type 3, MY = Monascus Yellow, and C = 




L. edodes mycelial exudates (610nm) 
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Figure 2.4 Effects of different pHs on the colorant, namely, L. edodes mycelial exudates 
and commercial caramel colorant 
All concentrations were adjusted to certain values when absorbances were within a predetermined 
range (A6 10nm = 0.8 ± 0.2). 
Photographs were taken by a Panasonic digital camera (Panasonic Lumix DMC-LX2, Panasonic, 
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Figure 2.5 Absorbance of L. edodes mycelial exudates at 25 and 70°C at day 1 and day 
192 
Samples were first standardized to the same absorbance (A = 0.8 ± 0.2) at the reference or optimal 
wavelength (A610nm) before treatments were carried out (Johns and Stuart 1991; Chirdo and others 
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Figure 2.6 Absorbance of commercial caramel colorant at 25 and 70°C at day 1 and day 
192 
Samples were first standardized to the same absorbance (A = 0.8 ± 0.2) at the reference or optimal 
wavelength (A610nm) before treatments were carried out (Johns and Stuart 1991; Chirdo and others 
1995). Data were expressed as mean ± SD, n=3, * Significant difference versus measurement after 
1 h storage,p<0.05. 
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Figure 2.7 Thennal stability of the color of L edodes mycelial exudates at different pH 
after 240h at 50 and 98°C 
Samples were first standardized to the same absorbance (A = 0.8 ± 0.2) at the reference or optimal 
wavelength (A610nm) before treatments were carried out (Johns and Stuart 1991; Chirdo and others 
1995). Data were expressed as mean ± SD, n=3, * Significant difference of the 98 ·C groups 
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Figure 2.8 Thennal stability of the color of caramel at different pH after 240h at 50 and 
98°C 
Samples were first standardized to the same absorbance (A = 0.8 ± 0.2) at the reference or optimal 
wavelength (A610nm) before treatments were carried out (Johns and Stuart 1991 ; Chirdo and others 
1995). Data were expressed as mean ± SD, n=3, * Significant difference of the 98 ·C groups 
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Figure 2.9 Light-accelerated degradation caused by a fluorescent tube lamp of the L. 
edodes mycelial exudates and selected commercial colorants in buffer solution after 
240h 
OD values were measured based on specific absorption wavelengths of each pigment. 
Pigments: C = commercial caramel colorant (E 150 c), MR I = Monascus Red type 1, 
MR 2 = Monascus Red type 2, MR 3 = Monascus Red type 3, MY = Monascus 
Yellow and S = L. edodes mycelial exudates. All concentrations were adjusted to 
certain values when absorbances were within a predetennined range (AAmax = 0,8 ± 
0.2). Data were expressed as mean + SD, n=3, * Significant difference of the 
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Figure 2.10 Light-accelerated degradation caused by a xenon lamp of the L. edodes 
mycelial exudates and selected commercial colorants in buffer solution after 240h 
OD values were measured based on specific absorption wavelengths of each pigment. 
Pigments: C = commercial caramel colorant (E 150 c), MR 1 = Monascus Red type 1, 
MR 2 = Monascus Red type 2, MR 3 = Monascus Red type 3, MY = Monascus 
Yellow and S = L. edodes mycelial exudates. All concentrations were adjusted to 
certain values when absorbances were within a predetermined range (AAmax = 0.8 ± 
0.2). * Significant difference of the treated groups versus their initial absorbaces 
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Figure 2.11 Light-accelerated degradation caused by a fluorescent tube lamp of the L. 
edodes mycelial exudates and selected commercial colorants in soft drink medium after 
240h 
OD values were measured based on specific absorption wavelengths of each pigment. 
Pigments: C = commercial caramel colorant (E 150 c), MR 1 = Monascus Red type 1, 
MR 2 = Monascus Red type 2, MR 3 = Monascus Red type 3, MY = Monascus 
Yellow and S = L. edodes mycelial exudates. All concentrations were adjusted to 
certain values when absorbances were within a predetermined range (AAmax = 0.8 ± 
0.2). * Significant difference of the treated groups versus their initial absorbaces 
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Figure 2.12 Light-accelerated degradation caused by a xenon lamp of the L. edodes 
mycelial exudates and selected commercial colorants in soft drink medium after 240h 
OD values were measured based on specific absorption wavelengths of each pigment. 
Pigments: C = commercial caramel colorant (E 150 c), MR 1 = Monascus Red type 1, 
MR 2 = Monascus Red type 2, MR 3 = Monascus Red type 3, MY = Monascus 
Yellow and S = L. edodes mycelial exudates. All concentrations were adjusted to 
certain values when absorbances were within a predetermined range (AAmax = 0.8 ± 
0.2). * Significant difference of the treated groups versus their initial absorbaces 
(Dunnett's test, p<0.05). 
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2.4 Discussion 
2.4.1 Physicochemical Characteristics 
Physiochemical characteristics in the colorants have great importance and will have 
significant influence in their further manufacture, storage, application and 
standardization. 
The lyophilized mycelial powder of exudates were easy to clot when exposed to the 
air. Usually, powders with strong hygroscopicity would not be easily stored, but this 
effect can be minimized by adding carriers or anti -clotting agents such as 
maltodextrins. Maltodextrins were reported to significantly reduce the hygroscopicity 
of betaxanthin powders in Celosia inflorescences from IISg/IIOg to 42.6g/100g (Cai 
and others 2001). Such agents can be used in the L. edodes mycelial exudates as a 
colorant additive in order to maintain its high quality and longer shelf life. 
Apart from that, powder instantizing treatment such as spray dryer or fluidized bed 
dryer can be applied to the wet product. The treatment can work effectively and 
quickly to prevent overheating the sensitive components in the powder and increase 
the solubility of the powder. Other carrier agents or processing methods can also be 
used such as buffer solutions and microencapsulation treatment to keep the 
functionality of the exudates (Ersus and Yurdagel 2007). 
The absorbances of all the pigment solutions in this study were adjusted to within 
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the range of 0.80 ± 0.10, as a result, their lightness (L *) values were close and ranged 
from 30 to 50 (Table 2.2) as these two values were reported to have a linear 
correlation (Perez-Magarino and Jose 2002). Both direct observation (Figure 2.2) and 
colorimetric data (Table 2.2) showed that exudates was more saturated in red color 
and had better color stability. From the scatter plot in the color wheel (Figure 2.3), the 
color traits of the exudates were close to the two Monascus Red colorants and caramel 
colorant. Nevertheless, the mycelial exudates had brighter reddish brown hue, and 
greater lightness. For the chonna value which denote the saturation or purity of color, 
it was not the highest as the exudates was a crude pigment containing many 
non-pigment components such as amino acids and carbohydrates (Tokimoto 1980). 
Both the a* and b* values were all positive, and the hue angles ranged from 30 to 70 
degree. This indicated that the color distribution of the exudates covers widely in the 
red-orange-yellow region of the CIELAB color space. As the exudates, the Monascus 
Red and the caramel colorants were close to each other on the color wheel, they were 
in the observable color. However, for Monascus Yellow which was relatively far from 
the other colors, its observable color was different. 
The exudates displays attractive reddish color as many approved colorants do. The 
color of the exudates was found to have better retention than that of the other 
colorants as shown in Table 2.2. This suggests that the product will have a longer 
shelf life when it is used as a food colorant. For the Monascus colorants, they were 
quite stable at low temperature (4 DC), but were sensitive to higher temperature 
conditions. 
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2.4.2 pH Stability 
The reason for choosing commercial caramel colorant as a control of the mycelial 
exudates for pH effects was because its color in water are very close by observation, 
and it was reported to have very good stability (Defaye and Femandez 1995). It is 
quite ideal in coloring the carbonated beverages in which the concentration of azo dye 
used should be kept low. Caramel is often used in bakery products which require a 
dark chocolate shade (Furia and Chemical Rubber Company. 1972b). 
Charge repulsion can be a major mechanism of pigment stability in aqueous media, 
and the stability of the dispersions depends on pH which affects surface charges 
(Wicks 2007). For any dispersing agent, combination of colorant, and water, there is a 
critical pH value at which the surface charge is zero and this pH is the isoelectric 
point (iep) (Hendry and Houghton 1996). At iep, there is no charge repulsion; above 
iep, the surface is negatively charged; and below iep, it is positively charged. The 
stability of dispersions is at minimum with iep ± 1 pH unit. The iep vaies for different 
pigments, but can be adjusted accordingly for different applications. For example, the 
composition of caramel colorant is complex and indefinite, forming a colloid in 
aqueous substrates. Its electrical charge depends upon the method of manufacture 
which means caramel can be tailor-made for different applications. One of the major 
uses of caramel is in coloring carbonated beverages: colas and root beers (Furia and 
Chemical Rubber Company. 1972b). In order to prevent precipitation, the caramel 
must be given a strong negative charge and its isoelectric point should be at a pH of 
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2.0 or less. 
In this study of pH effects, caramel was found stable in both acidic and neutral 
conditions at room temperature but color intensity significantly decreased under 
alkaline conditions which may due to the pH of buffer exceeded the iep of our 
caramel sample. Obviously, this commercial caramel colorant (E 1 05 c) was specially 
produced for foods in neutral or acidic conditions. In this study of pH effects on 
pigment stability, the mycelial exudates showed ideal retention, but in actual food 
manufacture, there are more attributes that may affect the stability and the color 
display as foods are much more complex masses than buffer solution. Therefore, 
modifications may be needed for further applications of the mycelial exudates in the 
food industry. 
In this study, both alkaline and acidic conditions were designed to imitate foods 
found in these pH ranges, such as dairy and tortilla products, and soda and yogurts, 
respectively. Under different temperatures, the mycelial exudates remained stable 
under almost all pHs, except for a small 100/0 drop and 100/0 rise at pH 2.2 at 25 DC 
and at 70 DC, respectively. However, the absorbance of the mycelial exudates dropped 
slightly at lower temperature but increased at higher temperature. These may be due 
to the degradation of components at normal temperature and heat accelerated 
chemical reactions such as Maillard Reaction and caramelization at higher 
temperature, particularly those intra- and extra-cellular compounds such as 
polyphenols, enzymes, carbohydrates, and other small molecules (Tsivileva and others 
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2008). Further investigations are needed to detennine the mechanisms and 
preservation methods of such changes. Notably, in these studies, acidic conditions (pH 
2.2-4) as shown in Figure 2.5 were found to promote degradation. 
Another worth mentioning point is that the initial absorbances at 610nm of L. 
edodes mycelial exudates were not exactly the same. Cai et aI., (1988) found that 
higher or lower pH may improve the yield of color-contributing substances or 
regenerate such substances by chemical reactions. This perhaps could explain why the 
color went darker when pH approached both extremes of its range. Kinetics for such 
changes are needed for further investigation. 
2.4.3 Thermal Stability 
The commercial caramel colorant was used as control in this investigation. It is 
prepared by heating sugar (sucrose) to around 170 °c. This kind of preparation 
determined its good stability and resistance to high temperature when it is used in 
food processing such as pasteurization. The Class III -ElS0 c is an ammonia caramel, 
also known as baker's caramel, confectioner's caramel or beer caramel containing the 
ammonium compounds but not sulfite compounds (Myers and Howell 1992). It was 
reported to have better thermal stability and better color intensity among other classes 
(Table 2.3). 
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Table 2.4 Codex classification of caramel color parameters (Joint F AOIWHO Codex 
Alimentarius Commission. and others 2006) 
Parametera Class 1- C Class 11 - C Class III - C Class IV -
E150 a E150 b E150 c C E150 d 
Color intensity 0.01 - 0.02 0.06 - 0.10 0.08 - 0.36 0.10 - 0.60 
Total nitrogen (0/0) <0.1 <0.2 1.3 - 6.8 0.5 - 7.5 
Total sulfur (%) < 0.3 1.0 - 3.5 <0.3 1.4-10.0 
a Expressed on a solid basis. 
In this study, both L. edodes mycelial exudates and commercial caramel colorant 
groups (E 150 c) were continuously heated at two temperatures (50 and 98 DC) for 240 
h. The 50 DC treatment was to simulate conditions during transportation or storage 
while the 98 DC treatment was to simulate food processing conditions such as 
pasteurization. 
The vertical axis of thermal stability in Figures 2.7 and 2.8 has a range from 0 to 
160 % to show the trends of color change in both the control and sample groups. 
Generally, the exudates resulted in better color retention than that of caramel colorants. 
The exudates at 50 and 98 DC (Figure 2.7) were all quite stable especially under 
acidic and neutral conditions, but with significant changes under alkaline conditions. 
In contrast, samples prepared with the commercial caramel colors at different pHs 
were more sensitive to different thermal conditons (Figure 2.8). Non-enzymatic 
browning products are formed during high temperature process, therefore, high 
temperature would still have influence on caramel pigments. Under high temperature 
condition, sucrose molecules break down and form compounds with characteristic 
caramel flavor and color (Myers and Howell 1992). After being heated around 50 
minutes in both acidic and alkaline conditions, the caramel colorant reached its 
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highest color retention at 50 DC (Figure 2.8). This could be possibly due to the 
continuous reactions between the sugar residues and the acids or the alkalis in the 
buffer solutions which generated more colored components (Myers and Howell 1992). 
At 98 DC, the degradation was obviously accelerated For the exudates, enzymes that 
were present initially and might affect the color were denatured under high 
temperature at the early time. This resulted in better color retention. 
The results of thermal stability fr9m different or same natural color source varied 
significantly, e.g. bright yellowish betaxanthins from plant such as Celosia argentea 
and some higher fungi (Stumpf and Conn 1980). Huang and Vonelbe (Huang and 
Vonelbe 1986) found that thermal degradation of betalains deviates from the 
first-order kinetics linear relationship between temperature and absorbance in the 
absence of oxygen, but others (Saguy 1979; Cai and others 2001) found their results 
followed the first-order kinetics. Such discrepancies were due to different levels and 
controls of the parameters involved such as air flow, humidity, airproof condition, 
light intensity, etc. in various studies. In this study, in order to minimize such effects, 
all samples were filtered through 0.22 J.lm filters to prevent microbe growth; stored in 
air-tighted glass containers; and kept securely away from light thermal attribute would 
only be the major influential factor. 
2.4.4 Light Stability 
Many literatures on fungal pigment for food application often cite Monascus spp as 
an example, which produces red pigments used in the food industry. They are stable in 
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a wide range of pH (PH 2-10), especially in the sub-acidic condition (Ou and others 
2009) and under high temperature such as the autoclaving tempearture. It can be 
further separated into different colors from yellow to red (Francis 1987; 
Delgado-Vargas and Paredes-Lopez 2003b). The Monascus pigments were stable 
under UV and fluorescent lights but were very sensitive to sunlight (Carvalho and 
others 2003). In our investigation, since the commercial Monascus colorants did not 
pass the prior tests for both pH and thermal tests (Table 2.2), they were not chosen as 
a control group for the two tests (Thermal test and pH test) as they were quite unstable 
at the end and suffering from significant degradation. 
No turbidity was observed during the whole investigation because filtration was 
carried out to remove the microorganisms and other unnecessary materials. 
A pure xenon short-arc lamp has a "near daylight" spectrum and the light output of 
the lamp distributes flatly over the entire color spectrum. Light sensitivity of different 
colorants is only comparable when photon fluxes are at specific wavelengths (Le. 
lamp spectrum and intensity). And only absorbed photons can lead to photochemical 
reactions (Wayne and Wayne 1988). In the current investigation, lamps with specific 
spectral wavelengths such as red spectrum (510nm-610nm) were used to test for the 
stability of the pigments. 
Usually the light intensity in a supermarket where foods are stored is around 1.500 
lux which is much lower than the direct light provided by a xenon lamp which 
provides more than 300,000 lux. In this study, both fluorescent tube lamp and xenon 
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lamp were used. As xenon lamp provides high light intensity, it may accelerate the 
degradation of pigment, therefore this test is also referred as light-accelerated 
degradation test. Among all the samples exposed, Monascus colorants were very 
susceptible to strong light while the mycelial exudates was found to be more stable. 
The order of stability for all samples under the xenon lamp was as: L. edodes mycelial 
exudates> caramel> Monascus Red> Monascus Yellow. Under the exposure of the 
fluorescent tube lamp, both the mycelial exudates and the commercial caramel 
colorant were very stable and the tinctorial strengths of the commercial Monascus 
colorant was kept quite well for a long period of time. Based on these results, we 
expect much greater light stability and longer color retention of the fungal exudates in 
real lighting or protected situations. 
In conclusion, the physicochemical characters of the exudates were studied and the 
color stability of the exudates was equivalent or even better compare to some selected 
commercial colorants in terms of being under different changing attributes such as 
temperature, pH, and light intensity. 
75 
CHAPTER 3 Toxicological Studies on the Exudates 
from L. Edodes Mycelia 
3.1 Introduction 
3.1.1 L. edodes Mycelial Exudates - a Promising Natural Food 
Colorant 
Exudates which has a reddish brown color was produced by a strain of fungi 
Lentinula edode (L1358) during solid-state cultivation. This pigment has anticancer 
property as found by our previous work and showed great stability under varies 
physical conditions as described in the previous chapter. It might have food 
applications by serving as a natural alternative to the synthetic colorants. However, to 
put natural pigment into use, its safety as food ingredient will have to be evaluated. 
This study was therefore designed to evaluate the safety of this exudates as a food 
colorant. 
3.1.2 Regulatory Toxicology (Hazard Assessment) 
Regulations concerning non-pharmaceutical chemical safety and food safety have 
been introduced to protect human and environmental health for almost a century. 
Generally, there are two main steps involved in safety assessment including (1) the 
regulatory toxicology, or hazard assessment, and (2) risk assessment where the results 
of such toxicity tests are applied to human health. The toxicity results and the dosages 
are closely related to human exposure to the chemical, and critical points of safety are 
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calculated which are then used to set exposure limits such as NOAELs or NOELs 
(Joint FAO/WHO Expert Committee on Food Additives. and others 1972). 
3.1.3 Acute and Sub-acute Toxicity Tests 
Acute toxicity tests can provide preliminary information in the toxic nature of a 
compound or material to use in food or drugs for which no other toxicology 
information is available. For food additive assessment, data and information obtained 
from acute tests can be used to determine possible target organs that should be 
carefully examined in repeated-dose toxicity tests (Gad and Chengelis 1988) and also 
to select doses for sub-acute and sub-chronic toxicity tests when other toxicological 
data is available. 
In the study of short-term toxicity tests, animals are given doses for 14-28 days by 
gavage or sometimes by incorporation into the diet. These studies are used originally 
to identify target organs for toxic effects not observed in acute toxicity tests and which 
are likely to form the focus of chronic studies (Commission of the European 
Communities. Scientific Committee for Food.). It is now becoming a group of 
well-planned short-term studies which contain other investigations such as the 
determination of relevant clinical biochemistry and pathological investigations. They 
provide considerable toxicological insights at minimal cost. 
A representative study design, OECD TG 407 (OECD 1995) would comprise of 
groups of 5-10 young adults of both genders with one group as control and several 
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other treatment group usually at 3 or 4 dose levels with increments between sequential 
dose levels. In order to provide effective and useful data for longer studies, results 
from different groups would usually show a range of effects from no toxicity to 
clearly toxic effects with limited lethality. The endpoints required by OEeD TG 407 
including: in vivo signs from direct observation, body weight gain, food intake; 
heamatological and serum biochemical analysis; urinanalysis; gross necropsy and 
organ weights (or relative organ weights); and histopathology on the tissues of 
controls and other groups (usually top dose group) (Heijden 1999). 
3.1.4 Color Additive Petitions 
When evaluating the feasibility and safety of a new color additive or a new use for 
a listed color additive, FDA considers such factors as probable consumption or 
exposure from its use, cumulative effect in the diet, evaluation by qualified and 
experienced experts in certified laboratories, and the availability of analytical methods 
for determining its purity, also the acceptable levels of impurities (Figure 3.1). 
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"Any interested person may petition FDA for the use of a new color additive or to 
amend the listing of a color additive for a new use. The petitioner for a new color 
additive must provide information on the following" (FDA 2003): 
• Identity of the proposed color additive 
• Physical, chemical, and biological properties 
• Chemical specifications 
• Manufacturing process description 
• Stability data 
• Intended uses and restrictions 
• Labeling 
• Tolerances and limitations 
• Analytical methods for enforcing chemical specifications 
• Analytical methods for determination of the color additive in products 
• Identification and determination of any substance formed in or on products 
because of the use of the color additive 
• Safety studies 
• Estimate of probable exposure 
• Proposed regulation 
• Proposed exemption from batch certification 
• An environmental assessment or claim for categorical exclusion 
Figure 3.1 A list of documents required by the Food and Drug Administration for food 
color additive petition in the U.S.A (FDA 2003) 
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3.1.5 Objectives 
So far, there is no food safety information on the L. edodes mycelial exudates. 
Although the mushroom fruiting body have been consumed for thousands of years, 
the safety assessment of its exudates is still necessary. Therefore, the objective of this 
investigation was to evaluate the acute and sub-acute toxicities of the L. edodes 
mycelial exudates based on the guidelines of the Organization for Economic 
Cooperation and Development (OECD) for both acute and sub-acute testing of 
chemicals. 
3.2 Material and Methods 
3.2.1 Cultivation of Shiitake Mushroom and Test Substances 
Culture medium was prepared by dissolving the Potato dextrose agar (PDA, Cat.: 
213400, BD company, USA) in double distilled water (39 g PDA in 1 L DD water), 
autoclaved, aseptically transfer to plastic Petri dishes (89.25 x 16.2 mm, Cat. No. 
101 VR20, Barloworld Scientific Ltd., UK) and cooled at room temperature. 
A piece (7 x 7 x 1.5 mm3) of cultivated agar with obvious shiitake mycelia growth 
was cut from an existing plate, and placed in the center of a new PDA dish. The 
inoculated PDA plate was incubated at 25 DC. 
After 3-4 weeks of incubation, agar was tainted with reddish brown color and 
droplets of exudates in dark brown color were deposited on the top of the mycelial 
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mess. After size reduction, the reddish brown colored agar plates were soaked in 
Mini-Q and centrifuged at15,000 g for 20 minutes. The supematant collected was first 
frozen at -80°C and freeze-dried (-47 DC , 5 mTorr). The dried crude L. edodes 
mycelial exudates were obtained for subsequent investigations. 
3.2.1 Acute Toxicity Test 
3.2.1.1 Animals 
Acute oral toxicity study of exudates was conducted on the 5-week old BALB/c 
mice (DECD 2001). Animals were supplied by the Laboratory Animal Services 
Centre at the Chinese University of Hong Kong. Three animals of the same gender 
per cage (stainless steel wire-mesh cages and suspended above cage-board) were 
housed under controlled environmental conditions (22 ± 2°C, 65 ± 5% relative 
humidity, 07:00 - 19:00 h lighting period). Each animal was identified by its 
identification on the tail. Animals were allowed ad libitum to the standard basic diets 
(Lab Diet 5001 Rodent diet, PMI Nutrition International, USA) and distilled water. 
Animals were maintained in accordance with the "Public Health Service policy on 
humane care and use of laboratory animals" (National Institutes of Health (U.S.). 
Office of Laboratory Animal Welfare. and United States. Public Health Service. 
2000). 
3.2.1.2 Limit Test 
Preliminary data were obtained by performing the limit test with a dosage of 2000 
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mglkg BW (body weight) before implementing the main test. The test substance made 
up of distilled water and the exudates was administrated to a total of six mice (single 
dose: 0.3 cc/mouse) of both gender (three males and three females), and observed for 
any signs of morbidity and mortality. 
3.2.1.3 Main Test . 
In the main test, both dosages at 2000 and 5000 mglkg BW which are the limited 
dose levels for the tests were gavaged to 3 male and 3 female mice (single dose: 0.3 
cc/mouse). After dosing, the animals were observed carefully for signs of morbidity 
and mortality, at 4-h and 24-h intervals daily for the subsequent 14 days. The animals 
were sacrificed under ether anesthesia at day 14 following an overnight fast. A 
thorough autopsy was carried out on the animals (Sanjay and others 2007). Body 
weights of animals were measured before they were sacrificed and selected organ 
weights (heart, liver, spleen, lungs, and kidneys) were recorded during the autopsy 
(Zhou and Han 2006). 
3.2.2 Sub-acute Toxicity Test 
3.2.2.1 Animals and Administration of Test Substance 
A total of 40 six-to-seven-week old Sprague-Dawley rats of both genders were 
obtained from the Laboratory Animal Services Centre at the Chinese University of 
Hong Kong as the animal model for the sub-acute toxicity test under the guideline of 
OECD TG 407 (OECD 1995) together with modifications based on the latest versions 
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(Gelbke and others 2007; Hartmann and others 2008). Rats were divided into eight 
groups of five males or five females per cage (stainless steel wire-mesh cages and 
suspended above cage-board) under controlled environmental conditions (22 ± 2 QC, 
65 ± 5% relative humidity, 07:00 - 19:00 h lighting period). Each animal was 
identified as before. Animals were allowed ad libitum to the standard commercial 
basic diets, distilled water, and maintained as described before. Each morning (7:00 
am and 11 :00 am), test substances were administered by oral gavage at dose levels of 
250, 500 and 1000 mg/kg BW at a concentration of 3.0 cc/rat/time. The test lasted for 
28 days. 
3.2.2.2 Survival and Clinical Observations 
All animals were observed once daily for toxicity and pharmacologic signs and 
twice daily for morbidity and mortality. Detailed physical examinations including 
signs of wound, ophthalmology, response were conducted on all the animals weekly, 
beginning from one week prior to the scheduled necropsy. 
3.2.2.3 Body Weights and Food Consumption 
Body weights were measured weekly till the day prior to termination of the study. 
Food consumption was calculated weekly. Animals were fasted overnight (18 h) 
before they were sacrificed. Individual food consumption was recorded weekly, 
starting about one week prior to randomization. Food intake was calculated as 
g/animal/day and g/kg/day. Food efficiency was also calculated. 
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3.2.2.4 Hematology 
On the 29th day, EDTA whole blood speCImen for hematology and clinical 
chemistry were taken at necropsy from all rats by abdominal aorta puncture under 
nesthesia. The following hematological parameters were measured using an automatic 
blood cell counter (Beckman Coulter LH500 Analyzer, Beckman Coulter, USA): red 
blood cell count (RBC), hemoglobin (HB), white blood cell count (WBC), hematocrit 
(HCT), and platelet count. The blood cell counter is equipped with adjustable 
threshold settings to account for differing cell sizes among various species, thus 
making it ideally suitable for veterinary application. 
3.2.2.5 Clinical Chemistry 
Clinical chemistry measurements were made on the serum obtained by 
centrifugation of the lithium heparin (Cat. No. H0878, Sigma, UK) plasma specimen 
(fmal concentration of lithium heparin: 16 unit/ml of the serum specimen). The 
following parameters were measured using a biochemical analyzer (Beckman Coulter 
DxC600 Clinical · Biochemical Analyzer, Beckman Coulter, USA): sodium (Na), 
potassium (K), urea nitrogen (Ur), creatinine (Cr), total protein (TP), albumin (Alb), 
alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), gamma glutamyltransferase (GGT), and cholesterol (Chol). 
Fluoride plasma specimen was used to measure blood glucose (Glu). 
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3.2.2.6 Macroscopic Examination 
A complete necropsy was conducted on all animals, including examination of the 
external surface, all orifices, as well as the thoracic, cranial, abdominal and pelvic 
cavities. At the time of necropsy, the following organs were collected and weighted: 
heart, liver, spleen, lungs, and kidneys. Paired organs were weighed together. 
Organ-to-final-body-weight ratios were calculated. Livers and kidneys were fixed in 
Bouin's solution for further pathological studies. Microscopic examinations were 
perfonned on all selected organs in the control and the groups fed with a dosage of 
1000 mg/kg. Gross lesions were examined for all animals from groups fed with a 
dosage of2S0 and SOD mg/kg exudates. 
3.2.2.7 Histopathology 
All livers and kidneys were first fixed for 14 h in Bouin's solution, which is a 
fixative contains 7S% picric acid (Cat. No. P-6744, Sigma, USA) saturated aqueous 
solution, 2SO/o fonnalin (30%-400/0) (Cat. No. F7S-1GAL, Fisher Scientific, USA), 
and S% glacial acetic acid (Cat. No. AS8-S00, Fisher Scientific, USA) (Nagorsen 
1980). They were then rinsed with 70% ethanol, trimmed and processed for paraffin 
embedment (Bums and others 1981). Trimmed specimens were then. Paraffin s,ections 
of each tissue were cut into S-6 !lm thick slices using a microtome (RM 2145, Leica, 
Germany) and stained with haematoxylin and eosin (H&E) (Kwek 1974). 
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3.2.3 Statistical Methods 
Body weight, body weight change, food consumption, hematological parameters, 
clinical pathological parameters, and absolute and relative organ weight values were 
subjected to a parametric one-way analysis of variance (ANOVA) (Snedecor and 
Cochran 1980), followed by Dunnett's test for pairwise comparisons to the control 
group (Dunnett 1964). Five replicates/group/gender were calculated. 
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3.3 Results 
3.3.1 Oral Acute Toxicology Study in BALB/c Mice 
For mice treated or not treated with a single dose of either 2000 or 5000 mglkg BW 
of the exudates, all of them appeared to be normal during the observation period. No 
mortality was recorded during the experimental period. Before and after acute toxicity 
study, no significant changes were observed in the mean body weights among the 
groups in each gender after different dosages of the exudates used (Table 3.1). 
Relative organ weights of the male mice showed no significant difference. But both 
the spleen and kidney weights of 2000 and 5000 mg/kg BW female group were 
significantly higher than that of the control female group (Table 3.2). A thorough 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3.2 Oral Sub-acute Toxicology Study in SD Rat 
3.3.2.1 Survival and Clinical Observations 
SD rats of both genders at the age of 6-7 weeks were randomly assigned to both the 
control and the treatment groups. During the experimental period, no environmental 
factors other than the stated variables would influent the study. 
No deaths occurred and no remarkable changes in general appearance were 
observed in either the control or the exudates-administered groups. Clinical symptoms 
such as focal alopecia, eschar formation, or wounds on different locations were 
present on animal bodies of both sexes and in all study groups, including controls. 
Thus, such findings were considered incidental. 
3.3.2.2 Body Weights and Food Consumption 
The mean body weights of both male and female groups fed with most of the 
dosage did not show significant difference except for 250 mg/kg BW sample. Both 
animals fed with 250 mg/kg BW sample showed statistically lower in weight than that 
of the control groups at 28th day and 21 st day, respectively at p=0.05 (Figure 3.2). As 
the initial mean body weights (Day 0) of the groups fed with 250 mg/kg BW were 
lower than any other groups including the control, and their values on the same day 
were of the lowest magnitude, these differences were not considered toxicologically 
significant. 
There was no evidence of treatment-related adverse effects on cumulative body 
weight gain (CBWG), food consumption (Fe) and food efficiency (FE) (Table 3.3). 
In general, the highest dosage (1000 mg/kg B W) did not cause any significant 
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Figure 3.2 Effects of L. Edodes mycelial exudates on body weight of SD rats for 28 
days 
* Significantly different from the control group at p < 0.05 (Dunnett's test). 
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3.3.2.3 Hematological and Clinical Biochemical Data 
Results of hematological examinations are summarized in Table 3.4. Except for 
hemoglobin (HB) and hematocrit (HeT), which were significantly increased (p < 0.05) 
in the females feed with 500 mg/kg BW sample, no significant differences were 
observed for any parameter in both genders. 
Table 3.5 shows clinical biochemistry data in which significant difference was found in 
the total protein (TP) value in the males fed with 250 mg/kg BW sample. It was 
slightly higher than the control male group. As their changes were of minimal 
magnitude and did not follow any clear treatment-related trend, they were not 
considered toxicologically important. 
3.3.2.4 Organ Weights 
The absolute and relative organ weights are shown in Table 3.6 and Table 3.7 
respectively. Significant increases were found in the absolute mean liver and heart 
weights in both the male and the female groups fed with 1000 mg/kg BW sample, 
respectively. Significant decreases were found in the "absolute" mean lung and spleen 
weights of both genders of the 250 mg/kg BW groups. However, if the body weight 
was taken into account, no significant difference in weight was found between the 
control and the treatment groups (p<0.05). 
3.3.2.5 Histopathological Examination 
Gross examination of vital organs in both genders of the SD rats during autopsy did 
not reveal any abnormalities attributed by feeding the L. edodes mycelial exudates. 
92 
Further microscopic examination was carried out, and typical slice photographs of 
some vital organs are shown in Figures 3.2 - 3.5. Comparisons were made between 
the control and the treatment groups of both genders for both liver and kidney. Only 
slices of the control group and the highest dosage group (1000 mglkg BW) slices at 
200 and 400 times magnification were shown. Livers were characterized by normal 
hepatic cells with distinct nuclei and normal eosinophilic cytoplasm with normal 
sinusoids while kidneys displayed the normal renal architecture with normal 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.3 Light Microscope (LM) section of controls (A, B, i.e. without exudates 
treatment) and the treatments (C, D, i.e. treated with L. Edodes mycelial exudates) of 
the hepatocellular architecture in the liver of the male rat (1000 mg/kg BW) after 28 
days 
They show normal conditions. [H&E stained x 200(A, C) & x 400(B, D), scale maker length: 




Figure 3.4 Light Microscope (LM) section of controls (A, B, i.e. without exudates 
treatment) and the treatments (C, D, i.e. treated with L. Edodes mycelial exudates) of 
the hepatocellular architecture in the liver of the female rat (1000 mglkg BW) after 28 
days 
They show normal conditions. [H&E stained x 200(A, C) & x 400(B, D), scale maker length: 
50flm]. CV: central vein; PV: portal vein; PA: hepatic artery; BD: bile duct; S: sinusoids. 
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Figure 3.5 Light Microscope (LM) section of controls (A, B, i.e. without exudates 
treatment) and the treatments (C, D, i.e. treated with L. Edodes mycelial exudates) of 
male rat kidney (1000 mg/kg BW) after 28 days 
They show normal renal architecture for 28 days. [H&E stained x 200(A, C) & x 400(B, D), 




Figure 3.6 Light Microscope (LM) section of controls (A, B, i.e. without exudates 
treatment) and the treatments (C, D, i.e. treated with L. Edodes mycelial exudates) of 
female rat kidney (1000 mg/kg BW) after 28 days 
They show normal renal architecture for 28 days. [H&E stained x 200(A, C) & x 400(B, D), 
scale maker length: 50Jlm]. G: glomeruli. 
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3.4 Discussion 
3.4.1 General Aspects 
The general regulatory process concerning human health can be divided into two 
main areas, namely, regulatory toxicology or hazard assessment, and risk assessment. 
F or the latter, it takes into account the nature of the toxicity such as the severity and 
type of pathology, reversibility, mechanisms of toxicity, sex and age differences in 
sensitivity, dose-response relationships, evidence of tolerance, acute versus chronic 
effects, and special cases of carcinogenicity, etc. Results from toxicity tests are 
incorporated and applied to the human situation (Maga and Tu 1995). In some special 
cases of exposure by the high risk group, e.g. occupational exposures, children, etc., 
extrapolation of findings in laboratory species to humans are often taken seriously and 
rigorously handled as the assumptions of human dose are made on the data obtained 
and relevance of the animal model. 
Ammonia Caramel (AC) or Caramel Color III (E150c) is used as a color additive in 
various foods. For human food and beverage, beer is the most important single source 
of Caramel Color III in . the diet although consumption of the dark beers has been 
decreasing in recent years. The Joint FAO/WHO Expert Committee on Food 
Additives (JECFA) has established an acceptable daily intake of 200 mg/kg/day for 
Caramel Color III (International Program on Chemical Safety. and others 1987). 
Earlier, Hagiwara et al. (1983) reported that male mice given 5.0% (w/v) caramel 
showed increased cumulative mortality after treated continuously with caramel for 96 
weeks. Recently, the safety of caramel colors, especially the Caramel Color Ill, is 
being reviewed following results from feeding studies showing reduced lymphocyte 
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counts and white blood cells in rats (MacKenzie and others 1992a; Myers and 
Howell 1992). 2-Acetyl-4(5)-tetrahydroxybutylimidazole (THI) was believed to 
contribute to the toxicological effects (MacKenzie and others 1992b). 
Although the caramel colorants are still widely used these days, efforts to search for 
their substitutes have never ceased. On the other hand, our observation suggests that 
the exudates from L. edodes has a potential of becoming a safer and functional 
alternative of the caramel colors traditionally used. Nevertheless, there is hardly any 
report in the literature on the safety assessment of the fungal exudates for use as food 
ingredients or food additives. Therefore, this investigation hopes to provide some 
information to fill such gap. 
3.4.2 Oral Acute Toxicology Study in BALB/c Mice 
Mice fed on the L. edodes mycelial exudates did not develop any clinical signs of 
toxIcity either immediately or during the post treatment even at the highest dose of 
5000mg/kg BW used, and all mice survived to the scheduled necropsy. Administering 
the exudates at two different levels did not cause any alteration in body weight gain 
and relative body weights. These results indicating the oral intake tolerance of the 
exudates on mice was greater than 5000mg/kg BW and could provide preliminary 
infonnation for setting up dosages for the long-term toxicity tests to target more 
specific toxicological signs such as hematological and clinical biochemical data. 
Short-tenn tests provide a great deal of information relevant to the evaluation of the 
safety of chemicals, particularly the mechanism(s) of their action, but are not yet 
developed to the stage where they can replace long-term animal tests as a basis for 
safety judgment (Bourdeau and International Council of Scientific Unions. Scientific 
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Committee on Problems of the Environment. 1990). 
3.4.3 Oral Sub-acute Toxicology Study in SD Rat 
In order to systematically estimate the safety of the exudates, a 28-day feeding 
study was utilized for evaluating its sub-acute toxicity, with dose levels based on the 
its usage in the acute toxicity study. 
Few significant but slight differences were found in both the absolute body and 
organ weights. No single significance in the cumulative body weight gain, food 
consumption, food efficiency, and organ weight ratio were found. Apparently, the 
effects were not dose related, nor consistent across genders. Moreover, as all absolute 
body weights were within the physical reference values of SD rats summarized by 
other investigators (Aleman and others 1998), differences identified in this 
investigation were considered not to have toxicological significance. 
During hematological examinations of hemoglobin (HB) and hematocrit (HCT) 
parameters, significant differences were found in the female rats fed with 500 mg/kg 
BW sample. Both the hemoglobin and the hematocrit examinations were based on 
whole blood, and were therefore dependent on plasma volume. If an animal is 
severely dehydrated, the hemoglobin and hematocrit values will appear higher than if 
the animal is normovolemic. Conversely, if an animal is overloaded with fluid, it will 
have lower than normal value for the two parameters. 
HB is the protein found in red blood cells which is responsible for delivering 
oxygen to the tissues to ensure adequate tissue oxygenation. Increased hemoglobin 
and hematocrit values reflect a relative high ratio of red blood cell mass to plasma 
volume (Hillman and others 2005). During routine clinical blood tests, a patient may 
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have anemia when his or her hemoglobin level is low. Too many red cells would result 
in high level of hemoglobin and may contribute to the symptom of erythrocytosis. In 
the literature, the normal HB level for men is 14 to 18 g/dl while that for women is 12 
to 16 g/dl (Singh and Fishbane 2008). For SD rats, the reference range of normal HB 
level at age of 10 - 12 weeks is 14 to 17 g/dl (Derelanko 2002). In this study, all the 
hemoglobin data obtained were within the normal range, thus our original differences 
in the body and organ weights were not considered to reflect any toxicological effects. 
Hematocrit value shows the volume of red blood cells as compared to the total 
blood volume (red blood cells and plasma). This value is determined directly either by 
microhematocrit centrifugation or by indirect calculation. The normal hematocrit for 
men is 0.40 to 0.54 (LIL), and for women normovolemic is 0.36 to 0.48 (L/L) 
(Gomella and Haist 2007). For SD rats, the normal hematocrit level at age of 10 -12 
weeks is 0.40 - 0.48 (L/L) (Derelanko 2002). In our study, all the hematocrit data 
obtained were within the normal range. 
Total protein (TP) level of the male rats fed with 250 mg/kg BW exhibited a 
significant increase in comparison to the control group. Increase in TP level may be 
the results from chronic infections, Rheumatoid arthritis, lupus erythematosus or 
multiple myeloma (Schwartzberg 2006). Since the reference range of normal TP level 
for SD rats at age of 10 -12 weeks is 0.40 - 0.48 (L/L) (Cerven and others 2008), and 
our earlier hematological data did not show any abnormality on the blood level, the 
current mean TP value from the male rats fed with 250 mg/kg BW sample remained in 
the safe range. The impact of the statistical significance was minimum, and the 
results were not treatment-related. 
Histopathology studies were performed by immediate full necropsy after the animal 
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was sacrificed, and light microscopic observation on H&E stained organ slices. No 
abnormal sign was found during necropsy on the exudates-treated groups when 
compared to the control group. Microscopic findings showed normal hepatic structure. 
No abnormality on kidneys during necropsy. Renal system showed normal structure 
under light microscopic examinations. 
Liver and kidneys were chosen to examine the histopathological effects due to their 
vulnerability. Liver is often used as a primary target for evaluation of the toxic effects 
by toxic agents. One reason is the liver has a high capacity for non-specifically bind 
chemicals by virtue of its relatively large size and high cellular concentration of 
binding sites. Besides, as chemicals are absorbed after ingestion, they will almost pass 
exclusively to the hepatic portal vein and end up in the liver in notable concentrations 
and amounts. (Casarett and others 2008). Also, compare to other tissues, liver has the 
highest concentration of the drug-metabolizing enzymes (Hoffman and others 1976). 
Both detoxification and formation of metabolites could make the liver especially 
fragile to the metabolite-mediated toxicity. Last but not least, the liver has the most 
biochemistry diversity of all the organs, which makes it to play key roles in the 
utilization of absorbed nutrients, detoxification and excretion on endogenous and 
exogenous compounds and the synthesis of plasma proteins. 
Kidney uses three general mechanisms to accomplish the following goals: 
glomerular filtration, tubular reabsorption, and tubular secretion. One major reason 
that kidneys are susceptible to toxicants is because 99% of body water circulates 
through the kidney including those that carry the toxic materials (Bell and Overbeck 
1985). As kidneys reabsorb water and salts from the blood, the remaining chemicals 
always get highly concentrated (Tarloff and Lash 2005). Also some toxins are found 
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to have no toxicological effect to plasma but to urine. Thus, their reabsorption into 
epithelial cells and capillaries may lead to further damage in the human body 
(Whelton and Neu 1982). 
All findings were noted with similar incidence in the control group, where limited 
to one or two animals in various groups and/or were common findings for laboratory 
rats of this age and strain. Thus, there were no dose-related adverse effects in this 
investigation. The no-observed-adverse-effect-Ievel (NOAEL) was judged to be a 
dietary level of at least 1000 mg/kg body weight/day for both males and females SD 
rat. Based on our findings and the comparison with other reference values, the 
exudates appears to be quite safe to use as additive. In conclusion, the absence of any 
clear adverse effects from the available published human clinical and animal data on 
Lentinula edodes provide a high level of confidence in the safety of the fungal 
exudates (Aleksandrova and others 1998; Stijve and others 2003; Redman 2007). The 
results of the present study demonstrate that single oral administration of the L. 
edodes mycelial exudates to BALB/c mice at dosage up to 5000 mg/kg BW and daily 
oral administration of the exudates to SD rats at dosage up to 1000 mg/kg B W for 28 
days are safe. 
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Chapter 4 General Characterization and Application 
of Exudates from L. Edodes Mycelia 
4.1 Introduction 
4.1.1 Pigmentation of Lentinula edodes 
As mentioned previously, the brown color of the cap of Shiitake mushroom comes 
from the browning or pigmentation period of mycelia and it is a crucial step in 
Shiitake cultivation as the pigmented mycelial film formed in this period would 
function as the cap of the mushroom on the top of the fruiting body (Tsujiyama 2004). 
The pigmented mycelial film of L. Edodes which formed under submerged culture 
has been proved an interesting finding, from the aspect of both research and 
application (Dekker and others 2002). Both intra- and extra-cellular bioactive 
compounds such as polyphenols, polysaccharides, and enzymes were found in the red 
pigment excreted by the mycelia of the L.Edodes (Savoie and others 1998; Nikitina 
and others 2007). Tokimoto and the others (Tokimoto 1980; Tokimoto and others 
1994) surmised that the pigment was formed by the enzymatic oxidation of 
polyphenols, since almost no pigmentation was found in the culture containing 
polyphenoloxidase inhibitor, p-aminobenzoic acid or phenylthiourea. 
Phenol oxidases, such as laccase, are widely found in fungi. Increased phenol 
oxidase activity and pigmentation have often been reported to associate with the rapid 
cell growth and the formation of primordial, and their subsequent growth to fruiting 
bodies in both basidiomycetes (Leonard and Phillips 1973; Wood 1980; Cambria and 
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others 2000) and ascomycetes (Esser 1968; Wong and Willetts 1974). In the Japanese 
lacquer tree (Rhus verniciflua), laccase is responsible for catalyzing the oxidative 
polymerization of lipophilic alkene-catechol compounds to form a hard black lacquer 
(Schubert 1965). This suggests both phenolics and phenol oxidases are present in the 
lacquer tree and play markedly important role in the formation of the lacquer. 
4.1.2 Achieving Greater Bioavailability by Enzymatic Hydrolysis of 
Phenolics in Conjugated Forms 
Many researchers found that some phenolics occurred primarily in conjugated form, 
with at least one sugar residues linked to the hydroxyl groups, as well as to other 
compounds such as carboxylic and organic acids, amines, and lipids (Bravo 1998; 
Vattem and Shetty 2003; Correia and others 2004). 
Glycosides are molecules in which a sugar is bound to a non-carbohydrate moiety. 
They play numerous important roles in living organisms as many plants store 
chemicals in the form of inactive glycosides which can be broken by enzymatic 
hydrolysis (Chao and others 2004). This causes the link between the sugar and the 
non-carbohydrate moiety to be broken off, making the products available for other 







J-Ca1feoyl~quimC' (chlorogcnic) acid 
OH 
Figure 4.1 Structure of some phenolic glycoside and ester linkages; Arrows indicate 
sugar links, either ester (chlorogenic acid) linkages or o-glycosidic (quercetin 
glycosides) (Williamson and others 2000). 
Enzymatic hydrolysis of these phenolic glycosides and polymers seems to be a 
promising way to increase the concentration of free phenolics, and enhances the 
nutraceutical activity of these compounds (Mandalari and others 2006). 
4.1.3 Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry 
Fourier transform ion cyclotron resonance (FT -ICR) is shown to be a promising 
instrument that can resolve complex samples of natural organic matter with high 
mass-resolving power and mass accuracy, with wide range of mJz values detected 
simultaneously, and with the ability to study ion-molecule reactions at low pressure as 
its most prominent features (Wachter 1988; Asamoto 1991; Serdyuk and others 2007). 
These properties are highly desirable when analyzing complex biological samples. 
The basic principles of Fourier transform Ion cyclotron resonance mass 
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spectrometry (FT -ICR MS) are described as followings. Ions are firstly subjected to 
strong magnetic fields. They circulate in circular orbits (ion cyclotron motion) within 
the magnetic field cell with specific ion cyclotron frequencies defined by their mass to 
charge ratios and described by equation 1 (Marshall and others 1998). After excitation 
using a radio frequency pulse, the spatial excursions of these orbits increase. The 
excited ions in extended orbits circulate across signal detecting plates and the 
frequencies of the orbits can be recorded as time domain signals (Figure 4.2). 
Usually, after a short period of time, the orbits return to a random equilibrium state. 
The diminishing time domain signals which is called free induction decay (FID) can 
be digitized and processed into frequency domain signals by Fourier transformation 
(Elling 1991). The obtained frequency (v) is converted to a mass-to-charge ratio (mlz) 
according to equation 1. In this equation, C is a constant that is related to the 




Since frequencies can be measured very precisely, FT-ICR MS is known for its 
ability to achieve ultra-high mass resolution that the output of each mass goes down to 
6 decimal places and can be as accurate at to at least 4 decimal places (He and others 
2001). In this respect, FT-ICR MS can be a very powerful technique to study natural 
organic matter samples. As mentioned earlier, natural organic samples such as plant 
and microorganism metabolites are composed of complex mixtures of natural and 
transformation products. Therefore, an instrument with high resolving power is 
capable of resolving individual molecules from each other. In addition to the high 
resolution, high mass accuracy can also be obtained by conducting proper calibration 
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procedure to the equipment or employing an internal standard. This is very critical to 
study and understand the chemistry of an individual peak in a mass spectrum. 
/.~ . -~ e . . 
Figure 4.2 FTICR cell, identifying the trapping platesm the transmitter plates, the 
receiver plates and direction of the magnetic field B (Serdyuk and others 2007) 
4.1.3 Objectives 
Before any application of the exudates, further characterization of its major color 
components is necessary. As our preliminary investigations showed that phenolic 
components were present in the exudates, we believed the fungal phenolic 
components were likely contributing to the color that we observed. Since many 
components were able to form complex and remain stable in the new form, the 
presence of complexes involving phenolics was hypothesized. Therefore, the primary 
objective of this part of the investigation was to determine the major chemical 
composition in the exudates. As many phenolics in the exudates might be bound with 
sugar to form glucosides, the second objective was to prove using FTICR-MS whether 
such binding actually occurs by enzymatically hydrolyzed the possible glycoside in 
the exudates, and determine the increase in the phenolic contents which could influent 
the color intensity of the content. 
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4.2 Material and Methods 
4.2.1 Cultivation of Fungus 
Cultivation medium was prepared by autoclaving the Potato dextrose agar (PDA, 
Cat.: 213400, BD company, USA) in double distilled water (39 g PDA in 1 L DD 
water). Partically cooled PDA solution was poured (5 mL/dish) into the aseptically 
plastic Petri dishes (89.25 x 16.2 mm, Cat. No. 101 VR20, Barloworld Scientific Ltd., 
UK) and was further cooled and solidified at room temperature (25 QC). 
A piece of cultivated agar plate (7 x 7 x 1.5 mm3) with mycelial growth was cut 
from an existing plate, and was transferred aseptically to the center of a new PDA 
plate. The inoculated PDA plate was incubated in an incubator at 25 QC. 
After 3-4 weeks of incubation, the color of the agar plates turned reddish brown, 
and droplets of exudates in dark color were found on the top of the mycelia. To collect 
the exudates in the agar plates, they were soaked in Mini-Q water after being cut into 
small pieces (size: 2 x 2x 0.5 cm3) and centrifuged (15,000 g, 20 minutes). The 
supematant was collected, frozen at -80QC and freeze-dried (-47QC, 5 mTorr). The 
dried crude L. edodes mycelial exudates were obtained. 
4.2.2 Sample Preparation of Fruiting Bodies and Mycelia 
Water extracts of Lentinula edodes (Shiitake mushroom) fruting body and 
Lentinula edodes mycelia were used to compare with the exudates for differences of 
phenolic contents and compositions. 
The fresh fruiting bodies of Lentinula edodes were bought from a Hong Kong local 
market and washed to remove any residual compost. All mushrooms were then cut 
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into smaller pieces and steeped in Mini-Q water for 24 h (20°C). The crude extracts 
were collected and centrifuged (15,000 g, 20 minutes). The supematant was frozen at 
-80°C and freeze-dried (-47°C, 5 m Torr). The dried crude L. edodes fruiting body 
water extract were obtained for further comparison and uses. 
Mycelia were harvested from the top of the agar plates by fleecing gently with a 
spatula and were also steeped in Mini-Q water for 24 h (20°C), then centrifuged and 
freeze-dried for water extracts using the same method as described previously. 
4.2.3 Total Water-soluble Polysaccharide Content 
The crude water-soluble polysaccharides (WSP) were measured by the 
phenol-sulfuric acid method as described by Dubois and others (DuBois and others 
1956). The freeze-dried L. edodes mycelial exudates were mixed with distilled water 
at a ratio of 1 :4. Mixture was boiled in a water bath at 100 QC for 12 h. The extracts 
were then centrifuged at 10000 rpm for 20 min, The supematant was then treated with 
a pure sulphuric acid and phenol (5%) and then its absorbance was measured at 490 
nm for glucose. 
4.2.4 Total Protein Conte.nt 
Samples and bovine serum albumin (BSA) (Cat. No. A 7906, Sigma, USA) used as 
the standard were dissolved in phosphate buffer solution (PH 7.6) and were stored in a 
refrigerator at 4 QC for further analysis. Bradford reagent (Cat. No. B6916, Sigma, 
USA). consists of Brilliant Blue G in phosphoric acid and methanol was used to 
determine the concentration of proteins in solution, which was based on the formation 
of a complex between the dye, Brilliant Blue G, and proteins in solution. The 
protein-dye complex causes a shift in the absorption maximum of the dye from 465 to 
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595 nm. The amount of absorption is proportional to the protein present (Bradford 
1976). The procedures were as follows, first pipette 0, 2, 4, 6, 10, 15 and 20 JlI of 
BSA (1 mg/ml) into assigned wells of a 96-well plate (Cat. no. 167008, Nunclon 
Delta Surface, NUNC, USA) as well as 40 JlI of samples into individual wells of the 
plate. Then 40 JlI of Bradford Reagent was added into all wells containing standard or 
sample followed by the addition of double distilled water to all wells to bring the final 
volume to 200 Jll. Without any prior incubation, the absorbance was read for each 
well at the wavelength of 595 nm. A calibration curve of absorbance (600 nm) of 
protein was plotted. Protein content in the extracted samples was detennined from the 
standard curve and the amount of protein in mg/ml was calculated. 
4.2.5 Total Phenolic Content 
Phenolic compounds in the L. edodes mycelial exudates were determined by a 
colorimetric assay, based on the method described by Singleton and Rossi with some 
modifications (Singleton 1985). Briefly, 1 ml of sample was mixed with 1 ml of Folin 
and Ciocalteu's phenol reagent (Cat. No. F9252, Sigma, USA). After 3 min, 1 ml of 
saturated sodium carbonate (Cat. No. BP357-1, Fisher Scientific, USA) solution was 
added to the mixture and adjusted to 10 ml by adding distilled water. The reaction was 
kept in the dark for 90 min, after which the absorbance was read at 725 run using a HP 
spectrophotometer (HP 8453, Hewlet Packard, USA). Gallic acid (Cat. No. G7384, 
Sigma, USA) was used to derive the calibration curve (50 - 1000 mg/L). Estimation of 
the phenolic compounds was carried out in triplicate. The results were mean values ± 
standard deviations and expressed as milligrams of gallic acid equivalents (GAEs) per 
gram of dried extract. 
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4.2.6 Enzymatic Hydrolysis of Glycosidically Bound Phenolic 
Compounds 
To increase the bioavailability of the phenolic components in L. edodes mycelial 
exudates, 20.0 mg freeze-dried exudates was incubated with 0.5 mg (13.5 V) 
~-Glucosidase (solid) (from almonds, 27 Vlmg, Cat No. G4511, Sigma, VSA) and 
10JlI (13.3 V) pectinase (liquid) ( from Aspergillus niger, 1.33 VIJlI, Cat No. P5146, 
Sigma, VSA) respectively, each in a 50 mM Na-acetate buffer (PH 5.0) with a final 
volume of25 ml at 37°C for 24 h under agitation (100 rpm). For the control, 20.0 mg 
freeze-dried exudates was dissolved in a 25 ml Na-acetate buffer without the addition 
of enzyme. It was incubated in a water bath under the same experimental conditions. 
Samples were then filtered through Whatman Qualitative Filter Paper (No. 1 , 
Whatman, VSA). Filtrates were collected and freeze-dried for further analysis. 
4.2.7 Measurement of Color Parameters 
Color measurements were conducted following the methods described in Chapter 2. 
The Hunter color parameters L *, a *, and b * based on CIELAB 1967 color space 
(Cohen 2001) were measured by a colorimeter (LabScan XE spectrophotometer, 
Hunter Associates Laboratory, Inc., Reston, USA) through a 2.5-inch sample cup (2.5 
in diameter, 10 mm in depth). 
4.2.8 Preparation of Exudates for FTICR-MS Analysis 
Five milligrams of freeze-dried L. edodes mycelial exudates from different 
treatments and 20 JlI of internal standard (IS) (Creatinine, C4255, Sigma, USA, 
concentration at 3.75 JlM) in methanol were mixed with 1.5 ml of a solution 
containing acetonitrile (Cat No. A998-4, Fisher Scientific, USA) and 0.1 % fonnic 
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acid (Cat No. 251364, Sigma, USA) at 1: 1 ratio by volume. The mixtures were 
sonicated for at least 15 minutes in order to achieve the maximum extraction of 
phenolic compounds, then filtered (0.22 Jlm Sterivex TM-GS, Millipore, USA), and 
stored at - 80°C. The same 50/50 acetonitrile/0.1 % formic acid solution was used as 
the mobile phase for ESI positive ion ionization analyses. 
4.2.9 FTICR-MS Instrumentation 
A FTICR-MS system, apex-ultra® 7.0 Hybird Qh-Fourier Transform Mass 
Spectrometer equipped with an Apollo 11 ion source, a quadruple mass filter, and a 
hexapole collision cell external to the ICR cell (apex-ultra 7.0, Bruker Daltonics Inc., 
USA), was used to analyze the sample content. Each sample was introduced by direct 
infusion (DI) into the ion source, using a syringe pump at a flow rate of 180 J.lllh. Each 
spectrum was acquired with a total of 0.3 - 0.5s external ion accumulation times, and 
up to 20 scans were accumulated over the mass range below mlz 500 for 5 minutes. 
4.2.10 FTICR-MS Calibration 
The equipment was internally calibrated for mass accuracy over the mass range of 
0-500 amu using the Agilent ESI tuning mixture (Cat No.: G2421-60001, Agilent, 
USA) composed of hexakis (lH, 1H, 3H-tetrafluoropropoxy) phosphazine and purine 
in ammonium trifiuoroacetate that makes in ESI positive mode the following masses: 
118.086255, 322.048121, 622.028960, 922.009798, 1221.990637, 1521.971475, 
1821.952313,2121.933152,2421.913990 and 2721.894829. All mass deviances from 
the standard curves were < 1.0 ppm over the mass range studied, although most were 
typically in the 0.1 - 0.5 ppm range. 
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4.2.11 Quantitative Analysis of FTICR-MS 
The presence of each compound was confirmed by the detection of a single peak at 
a corresponding mlz ratio and the intensity of its ionization product. For quantification, 
a five-point standard curve was established for each phenolic standard. Because of the 
ultrahigh resolution and reproducible peak shapes obtained with FTICR-MS analyses, 
calibration curves for FTMS were generated by determining the ratio of the relative 
intensity of internal standard to the ratio of the concentration of internal standard, over 
the concentration range tested. 50 ml internal standard (IS) solution containing 1 mg 
creatinine (25 ml) was prepared. Serial phenolic solution and IS solution were mixed 
as shown in Table 4.1. Then the mixtures were further diluted to 25 ml with acidified 
(0.1 % formic acid) methanol (1: 1) for infusing into FTMS. All solustions were 
prepared using acidified (0.1 % formic acid) methanol (1: 1). 
Table 4.1 Phenolics (P) and Internal Standard (IS) Mix Ratio for Generating Calibration 
Curve 
Solution Mix Ratio Vol. ofPhen~~:olution (ml) Vol. ofIS Solution used (ml) FinalVolume (ml) prepared 
P:IS =5:1 5 
P:IS =1:1 1 
P:IS =1:5 
P:IS =1 :10 1 
P:IS =1:25 0.4 










To find out the change of L. edodes mycelial exudates after incubating with 
different enzymes with mlz under 500 dalton (Da) or mass unit (u), rational chemical 
formulas (incorporating unlimited C, H, N, 0, S, and P, and a maximum of two Na, 
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and one K per fonnula) were generated based on internally-calibrated mono isotopic 
masses within < 1 ppm mass error, using the molecular formula generating tool, 
namely, the IsotopePattern, in the DataAnalysis ™ (DA) software package (Version 
3.0, Broker Daltonics Inc., USA). The chemically-reasonable formulas generated with 
the above constraints were then submitted to a newly created cross-database 
interactive mlz annotation tool, the MZedDB 
(http://maltese.dbs.aber.ac.uk:8888Ihrmetlindex.html) (Draper and others 2009). The 
tool helps to determine potential unique metabolites consistent with the measured 
mass-to-charge ratio (mlz). All comparision and putative fonnular generation of each 
measured m/z value were based on their differences with the theoretical mass and the 
possible existence (based on biological evidence) of putative compounds suggested by 
the software. 
4.2.13 Sensory Evaluation 
Commercial caramel colorant and the exudates were used in two individual triangle 
tests to find out if a panel could detect any color or flavor difference. Coca Cola 
(manufactured by Coca Cola, USA on 23/07/2009) was used as the color reference. 
For color-triangle test, two sets of soft drink medium describe in Chapter 2 were 
dyed with the exudates and caramel colorant respectively. The color (lightness) of 
samples was then adjusted to a close (±5) value of degassed cola by adding more 
coloring or making dilutions. The Hunter color parameters L *, a*, and b* based on 
CIELAB 1967 color space (Cohen 2001) were measured by a colorimeter (LabScan 
XE spectrophotometer, Hunter Associates Laboratory, Inc., Reston, USA) through a 
2.5-inch sample cup (2.5 cm in diameter, 10 mm in depth) as described in Chapter 2. 
One hundred millimeter colored soft drink medium sample was then poured into 
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capped transparent plastic cups (Cat. No. 800, SF, Hong Kong, 7.24 cm in diameter, 
10.12 cm in depth, 250 ml) for the panel to make assessment. 
For smell-triangle test, another two sets of samples were prepared by adjusting the 
lightness of Mini-Q water with the exudates and caramel colorant to equivalent of the 
commercial Cola value. Ten milliliter colored Mini-Q water sample was then poured 
into the capped amber glass vials (Cat. No. CT04227, WJN, China, 2.11 cm In 
diameter, 5.25 cm in depth) for the panel to smell. 
An untrained panel of 86 students and staffs (18-30 years of age) from the Science 
Center, The Chinese University of Hong Kong were invited to participate in this study. 
The sensory evaluation tests were carried out in a student laboratory where the 
environment was quiet, comfortable and temperature was at 24°C. Fluorescent tube 
lamps installed above the bench were turned on as desk lamps and were about 50 cm 
to the test substance (Appendix 2). The penalists all received oral and written 
explanations of the protocol and filled in questionnaires aimed at applying exclusion 
criteria. Each panelist was served three sets of test samples for triangle test. There are 
three samples in each set. Two are duplicates and one is odd. Samples were coded 
with randomized three-digit code based on a predetermined sequence (e.g. CEE, CCE, 
and ECC, where E was the exudates-containing sample and C was the 
caramel-containing one) to avoid bias (Cochran and Cox 1957). They were asked to 
judge each sample and to select the odd sample. The data obtained were tabulated and 
the statistical analysis to test the significance of the results was carried out according 




4.3.1 Major Chemical Groups of L. edodes 
In order to investigate the general composition of L. edodes mycelial exudates, 
major chemical groups including total water-soluble polysaccharides, total protein, 
and total phenolics were measured and compared with the water extracts of L. edodes 
fruiting body and mycelia. As Table 4.2 shows, total water-soluble polysaccharides 
contents were found composing more than 50% percent of the dry weights of all 
samples. The fruiting body was found to contain the highest total water-soluble 
polysaccharides of 763.052 mg/g dry weight (dw) while the exudates contained the 
least content at 507.373 mg/g dw. The total protein content of each sample was found 
quite close to each other with the ratio of around 20 % by dry weight. The exudates 
contained 58.235 mg gallic acid equivalents GAEs/g dw resulted in the highest 
phenolic content. 
4.3.2 Change in Color and Total Phenolic Content after Addition of 
Enzymes 
The color parameters of the exudates were measured after incubated with or 
without the selected commercial enzymes (ft-glucosidase and pectinase) for 24 h at 37 
°C. The mean lightness values of exudates incubated with each enzyme in Na-acetate 
buffer (PH 5.0) for 24 hat 37 °C were 34.50 and 35 .04, respectively, and are all higher 
than that of the crude exudates of 33.25 though not statistically significant (Table 4.3). 
In CIELAB color space, positive a* and b* refer to the redness and yellowness 
respectively. The exudates treated with the two enzymes were found significantly 
higher in the a* value (i.e. redness) than that of the one without enzyme. However, no 
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significant differences were found in the b* value (i.e. yellowness). The hue angles of 
the exudates after enzyme treatments in the Na-acetate buffer (PH 5.0) for 24 h at 37 
°C were 30.67 and 32.44 units, respectively, and are significantly lower (p<0.05) than 
that of the plain exudates (35.86 unit). Significant differences were also found in the 
chroma which have magnitudes of 61.38 and 61.13 units for the enzyme treated ones 
as compared to that without enzyme treatment (55.93 units). 
Table 4.4 shows that the total phenolic content was significantly higher in both 
enzyme-treated groups (ft-glucosidase and pectinase) than that . of the control one. 
Their values are 77.884, 84.219, and 55.637 mg GAEs/g on a dry weight basis, 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.3 Detection of Metabolites Using FTICR-MS 
FTICR -MS analysis was used to detennine the putative phenolics contributing to 
the pigmentation of the exudates. Before using FTICR-MS, its mass resolution, mass 
accuracy, and measurement precision were tuned. The feasibility of the ultrahigh-field 
apex-ultra® 7.0 FTICR instrument for the detection and identification of the 
components in the L. edodes mycelial exudates by direct infusion (D I) was 
investigated. The resolving power of the ultrahigh-field FTICR-MS enabled detection 
of ca. 1179 distinct metabolites representing the mono isotopic masses above SIN 5 in 
the mass-to-charge (mlz) range between 75 to 500 (i.e. 425-Da mass range) (Figure 
4.3 a, b & c). These signals from the compounds were detected in less than 5 minutes 
by a single DI. 
The mass accuracy of the ultrahigh-field FTICR-MS was examined after calibration 
with the standard Agilent ESI toning mix. In most of the cases, the ultrahigh mass 
accuracy of FTICR-MS enabled direct identification of metabolite candidates based 
on accurate mass alone. For example, the ion signal of the crude exudates mass 
spectrum at mlz 203.05278 matched the elemental composition of only several 
species including C6H12Na06 ([M+Na] 1+) and C3H6Na03 ([2M+Na]1+). However, the 
latter usually comes with much lower possibility as an ionization product. The 
observed mass is mlz 203.05278 and the mass error is +0.84 ppm compared with rnJz 
203.05261 which is the calculated theoretical mass of fonnula C6H12Na06. These 
accurate values were all calculated using "Mass Accuracy and Theoretical rnJz", an 
online application created by Dr. Mark P. Barrow, the University of Warwick 
(http://www.warwick.ac.uk/staff/M.P.Barrow/massaccuracy.html) (Barrow and others 
2004). 
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Another unique feature is exceptional mass measurement precision that FTICR-MS 
provides. FTICR cannot resolve isomers using DI analysis, but it performs 
tremendous precision for searching candidates in same molecular formula. As 
demonstrated in Figure 4.3 (c) for the ion at mJz 203.05, a single molecular formula 
was obtained with a calculated mass of 203.05261 corresponding to sodiated 
glucose using, a cross-database interactive mJz annotation tool, namely, the MZedDB 
(Draper and others 2009). As glucose (C6H1206) is known to accumulate in both 
mycelia and fruiting body of L. edodes, not lactic acid (C3H60 3) nor hexose sugars 
with the same empirical formula are appropriate (Martinez-Flores and others 2009). 
Similar as the commercial tuning mix the instrument showed great precision here. As 
Figure 4.3 (c) shows, the single signal of each sample measured at mJz 203.05 for the 
exudates, the fruiting body water extracts, and the commercial glucose standards are 
203.05278, 203.05279 and 203.05272, respectively. Compare them with the 
theoretically calculated mass of 203.05261, their mass errors are +0.84, +0.89, and 
+0.54 ppm, respectively. And the mass error between any two of the three masses are 























































































































































































































































































































































































































































































































































































































































































































































4.3.4 Phenolic Compound Identification 
We investigated the linearity of metabolite quantitation under the appropriate 
sample dilution conditions. Figure 4.4 and Figure 4.5, respectively, shows the linear 
response of internal standard and five standard chemicals spiked as metabolite mimics 
into the exudates. All five compounds showed excellent linearity, indicating that 
quantitative comparison of these metabolites could be achieved by DI. 
For the L. edodes mycelial exudates, ca. 1179 unique monoisotopic masses were 
found in the dynamic range between mJz 75 to 500 (SIN 2: 5) in a single-scan 
spectrum (20 scans accumulated within 5 minutes). Slightly more masses were found 
under the same conditions for p-glucosidase and pectinase samples (ca. 1246 and ca. 
1195, respectively). A number of putative metabolites were detected, which gave 
reasonable elemental compositions based on mass alone (assuming 5 ppm mass 
accuracy) when incorporated with certain numbers of C, H, N, 0, S, P, Na, and K in 
the formula. In our mass range, approximately 20 phenolics (Table 4.5) matched the 
known metabolites' either in the searchable natural product databases incorporated by 
MZedDB or were reported earlier in L. edodes or other related fungus by others 
(Eriksson and others 1984; Rahouti and others 1989; Campbell and Ellis 1992; Huang 
and others 1993; Thurston 1994; Crestini and Sermanni 1995; Dufosse 2006; Dubost 
and others 2007; Kim and others 2008; Lee and Yun 2008). 
The major function of the database, MZedDB, is to act as an annotation tool to 
calculate the accurate mass of all possible ionisation products derived from a 
comprehensive list of (natural compounds found in a range of web accessible 
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databases. A single search using MZedDB only takes several seconds and the outcome 
covers almost all well-populated metabolite databases ranging from chemical class 
specific [e.g. LMSD (Sud and others 2007)], species-specific [e.g. Moto (Moco and 
others 2006) for tomato] to multi-species databases [e.g. Meta-crop 
(Grafahrend-Belau and others 2008)] with information related to analytical chemistry. 
Also a subset of databases with links to metabolic pathway representations, genome 
sequence data, and in some cases literature provide further information which can be 
very helpful to give annotation decisions related to known or predicted natural 
chemistry [e.g. KEGG (http://www.genome.jp/kegg/compound). MetaCyc (Caspi and 
others 2008), and HMDB (Wishart and others 2009)]. Finally there exist very large 
repositories, such as PubChem (http://pubchem.ncbi.nlm.nih.govl) and ChemSpider 
(http://chemspider.com), which contain information on large numbers ofmetabolites. 
By USIng MZedDB and related information of metabolomics suggested by 
literatures and databases for comparison, a total of six forms of ionisation products 
were found in the listed phenolic metabolites in Table 4.4. Nine out of 21 phenolics 
were in the form of [M+Na] 1+, 5 of [M+2Na-H] 1+, 3 of [M+H] 1+, 2 of [M+2H]2+, 1 of 
[2M+H]1+, and 1 of [M+2Na]2+. More than half of the putative phenolic metabolites 
(13 of 21) were successfully targeted with the mass accuracy within ±1 ppm and the 
rest were all within ±5 ppm. Some targeted metabolites with relatively lower 
accuracies (over 1 ppm) were all compared and verified by infusing the commercial 
standards to the FTICR-MS such as protocatechuic acid, syringic acid, caffeic acid, 
etc. Samples with the highest mass intensity among all four groups of samples in this 
study were indicated in Table 4.4. 
Putative phenolic acids found in crude L. edodes mycelial exudates, exudates after 
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enzymatic hydrolysis, fruiting body water extracts and their relevant commercial 
standards are shown in Figure 4.6. For the phenolic acids, all were detected in both 
fi-glucosidase- and pectinase-treated samples. (However, gallic acid and 
protocatechuic acid were not detected in the crude exudates, and only protocatechuic 
acid was found in the fruiting body water extract. 
Similar to Figure 4.6, Figure 4.7 shows other putative phenolics not verified with 
commercial standards, but were detected in the samples. Clear differences and trends 
can be seen for each compound in different treatments in both figures in which the 
intensity of the enzyme-treated groups are generally higher than the other groups. 
Only trimethoxybenzyl alcohol in the pectinase-treated sample and dihydroconiferyl 
alcohol in the fi-glucosidase-treated sample were slightly lower in their mass intensity 
in their crude exudates samples. 
Based on the data obtained from both total phenolics measurement and FTICR-MS 
detection, enzyme treated samples were found richer in phenolics making it possible 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.5 Sensory Evaluation 
For 258 trials, the minimum number of correct judgments (X) to establish 
significant difference at different levels in a triangle test can be calculated by equation 
(2) (Roessler and others 1978): 
X = 0.4714zJ;z + [(2n + 3) / 6] (2) 
Where, Z = 1.64 when probability at a = 0.05; 
Z = 2.33 when probability at a = 0.01; 
Z = 3.10 when probability at a = 0.001; 
n: number of trials, 
X; minimum number of correct judgment. 
Therefore, the minimum numbers of correct judgments to establish significant 
difference at these three different levels are shown in Table 4.6. 
Most of the panelists commented that there was hardly any difference between the 
exudates and the commercial caramel colorant. Statistical analysis for significant of 
triangle test showed no significant difference between the sample (level of error of a = 
0.05). This meant that the difference between the samples was too small to be 
recognized sensorially. 
Table 4.6 Statistical requirements, and results of Sensory Evaluation (Triangle Test) 
Significance Level 
a = 0.05 





Minimum Number of Correct Judgment Required (258 trials) 






Level of Significance 
> 0.05, no sig. diff. 
> 0.05, no sig. diff. 
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4.4 Discussion 
4.4.1 Total Phenolic Content and Pigmentation 
Shiitake mushroom is the most popular edible mushroom in Asia and it has become 
an interesting source for research topics. The composition of the Lentinula edodes 
fruiting body and its diverse functional components such as polysaccharides, 
phenolics, and enzymes have received much studies (Tokimoto and others 1987; 
Nikitina and others 2007; Vetchinkina and others 2008). Data in Table 4.2 shows the 
total contents of some major chemical groups in terms of their different origins. 
Evidence can also be found in the literatures (Cheung and others 2003). For instance, 
the total phenolic content of Shiitake mushroom (fruiting body) water extract was 
1.33 mg GAE/g dry weight (Cheung and others 2003) while water extracts from its 
mycelia incubated in liquid medium was found around 10 mg GAE/g dry weight after 
20-day cultivation (Wu and Hansen 2008). There are no published articles detailing 
the mycelial exudates or related substances while our investigation found it containing 
high amount of phenolics. In fact, more than 10 times than that of the shiitake fruiting 
bodies and 5 times higher than its mycelial water extract. 
Colors is one of the major identifiable features used in fungal characterization. The 
fungal pigments may play a role as attractants to animal vectors to facilitate the 
dissemination of spores. They are also light-absorbing molecules that can protect the 
organism from UV damage (Hanson and Royal Society of Chemistry (Great Britain) 
2008). Some even have anti-bacterial activity and can protect the fungus from 
bacterial attack. Mycelial pigmentation (browning and bark-formation stage) is a 
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crucial period of fruiting body formation in L. edodes which requires a large amount 
of enzymatic reactions and energy supply. Some mushroom species, especially L. 
edodes (Shiitake), undergo changes in coloration as they grow. Generally, shiitake 
becomes reddish brown over time and it would be abnormal for its mycelia not to 
change in color in age or when damaged (Stamets 2000). During cultivation, 
browning outside of the bag is encouraged in U.S., in contrast to browning inside of 
the bag. Some growers remove the bag when 1/2 to 1/3 of the mycelia becomes brown. 
With exposure to air, mycelia turns reddish brown at the surface and eventually forms 
a dark brown protective dry surface which acts like a tree bark and this makes the 
inner substrate become soft and moist as a consequence of fungal metabolic activities. 
(Leatham and United States. Forest Service. 1982; Przybylowicz and Donoghue 
1988). 
Previous studies found that phenolics formed by enzymatic oxidation of 
polyphenols were believed to be the major contributors to the L. edodes mycelial 
pigment since no pigmentation occurred in the culture medium containing 
polyphenoloxidase (PPO) inhibitor, p-aminobenzoic acid or phenylthiourea (Tokimoto 
1980; Tokimoto and others 1998; Hirasawa and others 1999). Furthermore, phenolics 
especially lignin-related phenols were reported to affect the wood-rotting fungi in the 
aspect of mycelial growth (Shuen and Buswell 1992; Tsujiyama 2004). 
Our data shown in Table 4.2 appear to agree well with previous reports in that the L. 
edodes mycelial exudates is considerably rich in phenolics, and phenolics are crucial 
components in forming reddish brown pigments. The color of a fungus can reflect its 
age, its extent under environmental stress and the degree of exhaustion of a 
component in the culture medium. Some fungal melanin is found as a part of the cell 
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wall, some melanin is found in association with the fibrillar matrix, which extends out 
from the cell wall of many fungi (Velisek and others 2007). Similar to L. edodes, 
Aspergillus niger, a very common member of the Aspergilli, initially produces a white 
mycelium before turning yellow and forming black spores. Instead of turning brown 
like L. edeodes, the mature colonies of Aspergillus niger appear grey or 
greenish-black. And the black pigment of spores, melanin, is formed by the laccase 
catalyzed oxidation of 1,8-dihydroxynaphthalene (Hanson and Royal Society of 
Chemistry (Great Britain) 2008). These changes in color were caused by changes in 
phenolic contents and a sudden increase in the total phenolics reflects the need of 
carbon and the sign of preparing morphological changes (from mycelia to fruiting 
body) which is considerably critical to the L. edodes. By incubating with the enzymes, 
the L. edodes mycelial exudates resulted in more saturated chroma and more pure hue 
(Table 4.3). This was believed to be contributed by the increase in the overall 
phenolics. As almost no pigmentation was found in the culture containing 
polyphenoloxidase inhibitor, p-aminobenzoic acid or phenylthiourea (Tokimoto 1980; 
Tokimoto and others 1994) we estimated that pigment was most likely formed by the 
enzymatic oxidation of polyphenols and not seemed to caused by other reactions or 
metabolism. 
4.4.2 FTICR-MS Application on Studying Enzymatic Hydrolysis 
In order to further prove our hypothesis, FTICR-MS was used to detect and identify 
phenolic compounds that the L. edodes mycelial exudates contained. The FT-ICR-MS 
had already been successfully applied to study the metabolomics which enables the 
accurate determination of the molecular formula and classes of each metabolite 
detected (Han and others 2008; Iijima and others 2008; Suzuki and others 2008). The 
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mass range of m/z 75 to 500 was chosen based on literature investigation that most of 
the water soluble phenolics were found in the mass range of 0-400 Da (Ojala and 
others 1997). 
As mentioned before, pectinase and f3-glucosidase are the most common enzymes 
used to release the bound phenolics to increase the functional property in plants or 
fungal extracts, and to maximize their potential to become functional food (Mandalari 
and others 2006; Zheng and others 2008). Therefore, both f3-glucosidase and pectinase 
were incubated with L. edodes mycelial exudates to determine if they could increase 
both the bioavailability and the color intensity in the exudates. Phenolic glucosides, 
phenolic glycosides and polyphenols are the major substrates of these two enzymes 
(Mandalari and others 2006). FTICR-MS was later used in studying enzymatic 
hydrolysis by measuring changes in quantity of the substrates or the products before 
and after the treatment. 
The pigmentation process of Lentinula edodes is very complex with the 
participation of a large number of enzymes that come from several different pathways. 
Phenols, mainly the lignin related ones, were found to be the common substrates of 
the pathways (McCue and Shetty 2005). As fungi do not possess chlorophyll or the 
anthocyanins that dominate colors of higher plants, many fungal pigments are 
quinones stored in the forms of less colored quinols or phenols. The latter will 
undergo aerial oxidation to form quinones when a fungus fruiting body is forming, or 
attacked by pathogens. In other cases, the quinhydrone or a metal complex formed 
with monoquinones may be present (Hanson and Royal Society of Chemistry (Great 
Britain) 2008). 
Lignin is a heterogeneous plant cell wall biopolymer made up of phenyl-propanoid 
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units and is the major source for aromatic compounds found in nature. Lignin is 
extremely resistant to attack by most microorganisms. However, as one of the most 
important and famous wood-decay fungi, Lentinula edodes possesses biodegradative 
systems of lignin, and utilizes metabolites as resources of energy, aroma, and 
pigmentation (Dekker and others 2002). Such unique features are useful in the 
bioremediation of aromatic compounds and have been used to deal with industrial 
effluents (Field and others 1993). In our bench-top study, the L. edodes mycelia were 
not cultivated on wood nor bran, but potato, the main ingredient in PDA medium 
which is rich in lignin (Tajner-Czopek 2003). Under natural conditions, lignin and its 
degradation products are the main phenolics source of some fungi. 
In this investigation, many lignin-derived phenolic compounds were detected by 
FTICR-MS such as vanillic acid, syringic acid, ferulic acid and etc (Table 4.5). All 
phenolics would be utilized by fungi to form different secondary metabolites. Many of 
our findings have been reported elsewhere as important intermediates involved in 
different lignin related pathways using aromatic compounds as substrates such as the 
polyketide pathway, the terpenoid pathway and the shikimate pathway. One of the 
FTICR-MS compounds found is ferulic acid. It is a precursor in lignin biosynthesis 
and was reported to be a product of lignin degradation (Reale and others 1966; 
Freudenberg and Neish 1968). Figure 4.7 shows all phenolic compounds found this 
study (Table 4.5). Compounds such as guaiacol, methoxyhydroquinone, vanillic acid, 
and ferulic acid were reported in a pathway (Figure 4.8) when ferulic acid was 
oxidized by enzymes produced by the fungi Paecilomyces variotii. Similar 
mechanisms were proposed for other fungi (Figure 4.9) in which the protocatechuic 
acid was found to play important roles. 
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Colorless droplets were secreted on the top of the mycelia initially, but went deep in 
color gradually after about two-weeks' incubation, (Mc Cue and Shetty 2005) 
observed that the activities of phenolics-related enzymes reached their peaks after 
around 15-days incubation while the total water-soluble phenolic content increased 
until about 25 days. We harvested the mycelial exudates after 25 days since the best 
yield of the darkest colored liquid could be obtained. Several classes of fungi are 
known to produce a wide range of excreted water-soluble pigments, yet the low 
productivity of solid-based culture IS a significant bottleneck for their 
commercialization (Hejazi and Wijffels 2004). 
After incubating with p-glucosidase and pectinase, most of the phenolic 
components increased dramatically. One reason for such increase was the release of 
the bound form to free form of the phenolics. Phenolics especially monophenols are 
quite toxic? and too much of their presence may be toxic to the growth of the fungi 
(Mc Cue and Shetty 2005). Therefore, metabolism of ph enoli cs and phenolics obtained 
from the degradation of lignin are usually stored in less toxic (detoxication) and 
colorless forms by binding with sugar molecules to form glucosides or glycosides. 
But once hydrolyzed by catalytic enzyme, the free phenolics will be further oxidized 
into reddish brown pigments composed of phenol polymers (Shuen and Buswell 1992; 
Hanson and Royal Society of Chemistry (Great Britain) 2008). The amount of 
phenolics is kept in balance between the mycelial cells and their growing environment. 
Excess phenolics will be detoxicated by binding with sugar and more phenolics will 
be mobilized or released when needed in the presence of hydrolytic enzymes. As a 
result, pigmentation can be accelerated by adding phenolics such as ferulic acid 
(Leatham and Stahmann 1981) or adding enzymes to release more phenolics that we 
believe can also improve the pigment yields. Although excess amount of phenolics 
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may slow down the growth of L. edodes, they have great potential to be used as 









































































































































































































































































































































































































4.4.3 Sensory Evaluation 
One of most important application for caramel colorant is carbonated beverages 
(Delgado-Vargas and Paredes-Lopez 2003a). However, as discussed in Chapter 3, 
caramel still has its health concern and hardly any functions (MacKenzie and others 
1992a; Myers and Howell 1992). Cola color is mainly contributed by adding caramel 
(Wang and Schroeder 2000). Therefore, it is necessary to target an alternative with no 
such concerns and it is also the reason why we chosen commercial color as color 
reference. 
During the sensory tests, when the lightness of both the exudates and the 
commercial caramel were calibrated to a close value (±5) to the commercial Coca 
Cola, most of the panelists cannot detect the difference both in color and flavor. 
Therefore, the exudates can be applied to serve as a better function alternative to 
caramel colorant. 
4.4.4 Overall Conclusion 
As our preliminary investigations showed that phenolic components were present in 
the exudates, we believed the fungal phenolic components were likely contributing to 
the color that we observed. Since many components were able to form complex and 
remain stable in other species, the presence of similar complexes with the phenolics 
was hypothesized. Phenolics were identified by the FTICR-MS in the exudates. In the 
presence of selected enzymes, phenolic content increased by 20% together with other 
color characteristics (Hue angle and chroma). Such observations correlated well with 
the quantitative results from the identified phenolics monitored by the FTICR-MS. 
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Chapter 5 Conclusion 
This study is the first to report the exudates released from the L. edodes strain 1358 
mycelia and to characterize the exudates. This research focused in the stability, safety, 
and characteristics of the natural pigment excreted by the mycelia to assess its 
feasibility to be utilized as a food colorant. 
In the stability study, the exudates was relatively stable than the selected 
commercial colorants with similar hue at different temperatures, pH values, and 
exposure times to light. These suggested that the mycelial exudates might be a good 
alternative of the many similar water-soluble commercial colorants. 
In the acute and sub-acute toxicological studies, there is no adverse dose-dependent 
effects J1.or any significant differences between the control groups and the test groups 
were found (p<0.05). The no-observed-adverse-effect-Ievel (NOAEL) was judged to 
be at the dietary level of at least 1000 mg/kg body weight/day for both males and 
females SD rat. Based on these data, the exudates are safe to consume. 
In the characterization study, the exudates was rich in phenolics which contributed 
mainly the reddish brown color. The exudates carried no odd odor, but with similar 
color as in the commercial caramels when prepared with the same conditions. It can 
be used as an alternative to caramel colorant in the food industry. 
In conclusion, based on the results of the different studies carried out in this 
research, L. edodes mycelial exudates are a reasonable safe and stable colorant to be 
used in coloring food. 
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Further studies are suggested as follows: 
1) Additional analyses are to be conducted to evaluate the stability of the exudates 
when it is applied in solid-based foods or more complex food complex. 
2) Additional safety assessment for chronic effects of the consumption of L. 
edodes mycelial exudates using animal model or even human should be carried 
out. 
3) Other functional properties could be evaluated such as anti-proliferation and 
the antioxidantive properties. 
4) Isolation and confirmation of the functional compounds and further 
characterization of the exudates could be performed. 
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There are three sets of samples to evaluate. 
They are prepared to imitate the cola or Sarsae soft drink. 
Two samples in each set are the same and one is different. 
Look at the samples in the order provided for the first time. 
Circle the one sample which is different from the other two. 












There are three sets of samples to evaluate. 
Two samples in each set are the same and one is different. 
Smell the samples in the order provided for the first time. 
Circle the one sample which is different from the other two. 



















Comments (e.g. why prefer? Any problem encounter during evaluation? Suggestions for 
improvement, etc) 
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